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ABSTRACT

Powder coating is a coating process that applies the coating materials to a target substrate
in dry powder form. As an alternative coating technique to liquid coating technique,
powder coating has many advantages, such as environmental friendly, low cost, high
efficiency in materials usage. However, problems such as unable to handle ultrafine
cohesive powders limit the application of powder coating technology in industry. With a
new invention that can effectively fluidize ultrafine powders by enhancing their
flowability, a novel electrostatic ultrafine powder coating technique has been developed
by our group. Based on this novel technique, many functionalized powder coatings have
been created.

In this study, electrostatic ultrafine powder coating technique has been utilized to
fabricate a polymeric powder coating (PPC) on pure titanium substrates, which contains a
bioactive agent, mineral trioxide aggregates (MTA). The study demonstrated that this
technique could successfully create MTA enriched polyester powder coating surfaces,
that not only have excellent adhesion on pure titanium substrate but also have nano
topographies and nano-roughness that promote cells growth. Human embryonic palatal
mesenchymal stem (HEPM) cells were cultured on PPC coated surfaces and pure titanium
surfaces to test the biocompatibility of these surfaces. The results demonstrated that PPC
coated surfaces could support the attachment, proliferation and differentiation of HEPM
cells, and in some cases, better than pure titanium.

Another study was to utilize the same novel fluidization method of fine powders to
modify the flowability of glass ionomer cements (GIC) (GC Fuji I® and Ketac-Cem®) for
their application in dentinal tubules occlusion by the electrostatic ultrafine powder
coating technique. High hydroscopicity was observed for both GIC powders, with Fuji I®
taking up water to 2.43 wt% and saturated after 10 hours and with Ketac-Cem® taking up
water to 7.37 wt% and saturated after 19 hours. The water absorption decreased the
flowability of both Fuji I® and Ketac-Cem® powders. By blending in nano-Al203or nanolii

Si0 2 or nano-Ti0 2 as flow additives, the flowability of those GIC powders can be
improved. 3.0 wt% of nano A12C>3and 4.0 wt% of nano-Si0 2 were found to be optimal in
improving the flowability of dry Fuji I® and Ketac-Cem® powders, while 3.0 wt% of
nano Al203 to be effective on improving the flowability of the water-saturated Fuji I ®
and Ketac-Cem® powders. Nano Ti0 2 showed limited effect, with 1.0wt% giving slight
improvement in powder flowability.

In conclusion, this study demonstrated the potential applications of the novel ultrafine
powder flow enhancement technique for orthopaedic and dental implants as well as for
dentine tubules occlusion.

Keywords: ultrafine powder flow, electrostatic powder coating, powder flowability,
mineral trioxide aggregates, polyester powder coating, human embryonic palatal
mesenchymal stem cells, biocompatibility, water-absorption, flow additive
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CHAPTER 1. General Introduction

1.1 General Introduction to Ultrafine Powder Coatings Technology
Powder coating is a coating process which applies the coating materials to a target
substrate in dry powder form. The formulation of the dry powders contains resins,
pigments, fillers as well as the coating powders. As compared to traditional liquid coating
technology, powder coating is environmental friendly because of its non-release of
volatile organic compounds (VOCs) emission, low cost, high efficiency with 98% powder
overspray recoverability, possibility for producing harder coating surfaces and short cure
time. Therefore, since its first introduction in the 1950’s in Europe, powder coating has
been fast developed, well-established and commonly used today [ 1].

Basically, powder coating processes can be classified into four types: electrostatic powder
coating, fluidized bed powder coating, electrostatic fluidized bed powder coating and
flame powder coating. Electrostatic spraying is the most commonly used powder coating
technique [2]. In this coating process, powder particles are positively charged by a
powder coating spray gun and sprayed out onto a grounded target with aerodynamic and
electrostatic forces. Finally, these positively charged powder particlesvwill deposit on the
target by the electrostatic force and cured to form hard coatings [3].

Due to the advantages of electrostatic powder coating technology, it has been developed
to apply a decorative and protective finish to a wide range of materials and products that
are used in industrial and consumer applications. However, despite its advantages over
other coating processes, some disadvantages are still limiting its broad applications. For
example, the appearance of the coating finish is largely dependent on the powder particle
size. Generally, coarse powder with mean particle size between 30pm and 60pm were
commonly used in traditional powder coating processes due to the significant reduction of
powder flowability with smaller sizes. Its inability in applying fine and ultrafine particles
tends to limit its application to thick coating films from 50pm to 150pm and large
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roughness represented by texture of “orange peels” [4]. However, the increased demand
of powder coating in many different areas has made the surface appearance more and
more important. In order to meet the new requirements, fine and ultrafine powders with
mean particle size between 10pm and 30pm started being used and it has been shown that
the fine powders are capable to form a very thin and uniform film , comparable to liquid
coatings [5].

However, it is not easy to handle fine powders. According to one of the most famous
powder classification systems, Geldart Powder Classification [6], powders are divided
into four groups based upon the particle size and density. Particles with particle size
smaller than 25-30pm are considered as Group C, which exhibits strong cohesiveness,
due to a predominant interparticle force, van der Waals force [7]. Therefore, in traditional
powder coating processes, the particle size of coating powders is generally restricted to be
larger than 30pm for industrial applications.
Most recently, a novel electrostatic ultrafine powder coating technique have been
developed by the UWO particle technology group [5] through the effective fluidization of
Group C powders by enhancing their flowability. This technique works by mixing Group
C powders with a small percentage of nano-sized flow additives. By introducing
formulated nano-additives into the original ultrafine coating particle^ the much smaller
nano-additives act like spacers and separate the ultrafine particles. As a result, the most
influential inter-particle force that causes powder cohesion, the van der Waals force, is
significantly reduced.

Based on the significant improvement of this ultrafine powder coating technique over
traditional powder coating process, powder coating can now be widely used in many
areas, including not only the conventional industrial fields, such as automotive exteriors
and furniture, but also many new territories, such as in creating surfaces with special
functionality.
Because of the aging population of western societies [8], the demand for health care
equipments for elder people, such as orthopaedic implants is expected to increase rapidly.
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In the last a few years alone, approximately 500,000 bone implants were sold annually [9].
Titanium (Ti) and its alloys are widely utilized in orthopedic and dental implants due to
their excellent mechanical properties, corrosion resistance, and excellent biocompatibility
[10, 11]. However, despite being well tolerated by the surrounding tissues, Ti is relatively
inert and a lack of rapid tissue integration can lead to the subsequent development of
interfacial fibrous tissue, isolation of the implants and their ultimate failure [12]. Thus,
great importance of improving titanium’s biocompatibility is to improve the chemical and
morphological characteristics of its surfaces by applying a coating using different
techniques.

Dentine sensitivity is also a significant clinical problem. It is defined as pain arising from
exposed dentine typically in response to thermal, chemical, tactile or osmotic stimuli [13].
From its first detection in the 1500s, this common disease has bothered people all over the
world and it has been reported around 40 million people in US are affected by this
problem annually nowadays [14]. The main clinical treatments for dentine sensitivity
include nerve desensitization, anti-inflammation and covering and plugging dentinal
tubules. Glass ionomer cements (GIC) is one of the most common water-based dental
cements used for covering dentinal tubules. However, the shallow depth of tubules
penetration always makes this restorative material short lived. So GIC can only have an
immediate effect [15].

In 2010, Mozumder et al. [16] successfully used this electrostatic ultrafine powder
coating technique to provide a nano-Ti02 enriched polymeric powder coating on titanium
substrate and observed a promotion of human embryonic palatal mesenchymal cells’
attachment, proliferation and differentiation. Meanwhile, this technique was also
successfully used to spray glass ionomer cements in powder form as restorative materials
onto pre-treated bovine teeth and had a penetration of dentinal tubular occlusion for 1 mm,
much deeper than current clinical results.
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1.2 Objectives
The purpose of this thesis study is focusing on extending applications of this
electrostatic ultrafine powder coating technique in biomedical engineering research area.
Specifically, it contains two parts. Part I is concentrated on the development of polymer
coatings for othopedic and dental implant surface modification. Part II is concentrated
on dentinal tubule occlusion.

The specific research works were listed as following.
Part I: The application of electrostatic ultrafme powder coating technique for orthopaedic
implants.
•

To create bioactive agent enriched polymer coatings for orthopaedic or dental
implants by electrostatic ultrafine powder coating.

•

To evaluate the physical properties and chemical compositions of the created
polymer coatings.

•

To evaluate the biocompatibility of the created polymer coatings.

Part II: The application of electrostatic ultrafine powder coating techniques for dentinal
tubule occlusion.
•

To investigate the effects of humidity on GICs (GC Fuji I® and Ketac-Cem®
powders)

•

To improve the flowability of GICs by blending with 0.5 wt%, 1.0 wt%, 2.0 wt%,
3.0 wt%, 4.0 wt% and 5.0 wt% of extra fine particles (nano-A^Os, nano-SiC>2 and
nano-Ti02),

•

To explore the best flow additives and the optimal amount of their addition for the
best performance.

•

To investigate the dentinal tubules occlusion ability by the flowability modified
GICs.
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1.3 Thesis Structure
This thesis consists of six chapters and follows the “Integrated-Article” format outlined in
the Thesis Regulation Guide by the School of Graduate and Postdoctoral Studies (SGPS)
of the University of Western Ontario. It should be noted that the research of exploring the
electrostatic ultrafine powder coating technique’s application in orthopedic implants and
dentine tubular occlusion is ongoing. Therefore, Chapter 4 and Chapter 5 are not
representing a complete research but initial results for work that remains in progress. The
thesis structure is summarized below.
Chapter 1 provides a general introduction of electrostatic ultrafine powder coating
technique and its applications. The project overview is stated, as well as the thesis
structure, major contributions from the research study.
Chapter 2 presents the literature reviews for detailed knowledge for electrostatic
ultrafine powder coating technique and its applications. This chapter also provides
background information of current biomaterials for bone tissue engineering and dentine
sensitivity treatments in clinic. Moreover, this chapter introduced preliminary research
work for the applications of electrostatic ultrafine powder coating technique in fabricating
biocompatible coatings for bone tissue engineering and in treating dentine sensitivity.
\
Chapter 3 investigates the fabrication process for grey and white mineral trioxide
aggregates enriched polyester powder coatings (GMPPC and WMPPC) on titanium and
evaluates their surface morphology, surface roughness, chemical compositions and
coating adhesion.
Chapter 4 evaluates the biocompatibility of the grey and white mineral trioxide
aggregates enriched polyester powder coatings (GMPPC and WMPPC) by testing human
embryonic palatal mesenchymal stem cells attachment, proliferation and differentiation.
Chapter 5 describes the effect of humidity on the flowability of glass ionomer cements
(GICs). This chapter also investigates the effects of different flow additives on the
flowability of GIC powders and their optimal concentrations for maximum flowability.
Chapter 6 summarizes the discoveries from the research study in this thesis and
discusses the contributions and provides suggestions for future works.
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1.4 Major Contributions
Three major contributions of the study can be summarized as below:
•

Based on Mozumder’s Ph.D research work [16] that fabricating a nano-TiC>2
enriched polymeric powder coating (PPC) on titanium substrate to promote human
embryonic palatal mesenchymal cells (HEPM) responses by the electrostatic
ultrafine powder coating technique, this research further fabricated bioactive agent
enriched PPC coatings on titanium for HEPM cells’ attachment, proliferation and
differentiation. This study demonstrated that MTA enriched PPC surfaces had
quite uniform and homogeneous chemical composition. Compared to puretitanium with a microscale surface roughness, they possessed regular nano
topographies and nano-roughness. They are also as biocompatible and in some
cases, even more biocompatible than pure titanium to support HEPM cells
attachment, growth, proliferation and differentiation. This high biocompatibility
may be caused by the bioactivity of MTA as well as the coating’s nanoscale
surface morphology.

•

The novel approach of utilizing electrostatic ultrafine powder coating technology
to apply flow modified-glass ionomer cements (GICs) has been further
investigated. The negative effect of the humidity on the flowability of GIC was
investigated and the poor flowability of GICs caused by their ultrafine particle
size within 20 pm were demonstrated. With the assumption that the flowability of
GICs would affect their penetration depth in dentinal tubules for the treatment of
dentine hypersensitivity, different nano-flow additives (nano-Si02, nano-Al203,
nano-TiCh) of different concentrations were tested to obtain the best improvement
to GICs flowability. The results showed that nano-sized SÌO2 and nano-sized
AI2O3 could effectively increase GIC powders’ flowability. However, nano-sized
TÌO2 had a negative effect on GIC powders’ flowability. The optimal working
concentrations of nano-Al2<I)3 and nano-SiC>2were observed to be 3.0 wt% and 4.0
wt% respectively.
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•

The whole research work farther explored and demonstrated the potential
applications of electrostatic ultrafine powder coating technique in the orthopedic
and dental implant area and the dentine sensitivity treatment area.
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CHAPTER 2. Literature Review
2.1 Electrostatic Ultrafine Powder Coating Technology
2.1.1 Powder coating technology
Since the late 1940s, when the first time that polymer powders were flame-sprayed onto
metallic substrate, the concept of applying an organic polymer in powder form has been
introduced. During that time, a fluidized bed powder coating method for applying
polymer powders on metal was developed by Erwin Gemmer as a more efficient
alternative to flame spraying. The technology of electrostatic powder coating, which
overshadowed the fluidized-bed process, was developed soon thereafter, and
commercialized between 1962 and 1964 in the U.S.A. and Europe. From the early 1970s,
powder coating began its march of triumph worldwide. However, many problems such as
cost, color change problems and high curing temperatures still limited powder coating
applications in industry [ 1].
As an alternative method for coating process, powder coating has many advantages over
traditional liquid coating process as follows: 1) Low Cost: Powder coatings allow for
over-strayed paint to be recycled and reused. 2) Environmentally friendly: Petroleum
based solvents are not used and there is no emission of VOCs in powder coatings. 3)
Better performance: Powder coating results in a stronger coating than liquid paint
coatings. In addition, by adding different fillings, powder coating is able to create
functional coatings such as scratch-resistant, UV-resistant or desired textures that liquid
coating cannot achieve [2].
The reason of the fast developments from early 70’s should mainly be attributed to the
more and more restrictive environmental-protection regulations [3] and the continued
pursuit of high efficiency and high performance coating process [4]. Basically, there are
four powder coating application processes: electrostatic spraying, fluidized bed,
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electrostatic fluidized bed, and flame spray. Table 2.1 summarizes the characteristics of
the four different powder coating application techniques [5].

Table 2.1 Characteristics of the four different powder coating application techniques.
Fluidized Bed
Characterization

Electrostatic

Flame Spray

and Electrostatic
Fluidized Bed

Size of Materials

Larger

Smaller

Not limited

Material

Metallic, Conductive

Not limited

Not limited

High

Low

Low

Thinner,Uniform

Thick, Uniform

Thick, Uniform

Thermoplastic,

Thermoplastic,

Thermoset

Thermoset

Color Change

Difficult

Relatively Difficult

Easy

Capital Investment

Moderate to high

Low

Very low

Labor

Low

Moderate

Energy Consumption

Post heating

Pre- and Post-heating

Resistance and
Aesthetic Value
Coating Thickness
Type of Coatings

Thermoplastic

s

High
Low, no pre-and
post-heating
Dependent on the

Coating Waste

Very little

Very little

workpiece
geometry

2.1.2 Electrostatic powder coating technology
Electrostatic spraying is the most commonly used powder coating technique among these
four types [6]. This coating process applies an electrical charge to the dry powder
particles while the component to be painted is electrically grounded. The charged
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powders and grounded substrate create an electrostatic field that pulls the paint particles
to the substrate. The coating deposited on the substrate retains its charge to hold the
powder to the substrate. Afterwards, the coated substrate is placed in a curing oven,
where the paint particles are melted onto the surface and the charge is dissipated [7]. The
over-sprayed powders are contained within an enclosure and then drawn into several filter
cartridges by circulating air to be reused.

Two types of powder coating spray gun can be used to carry out this process: corona gun
and tribo gun. For corona gun (shown in Figure 2.1 [8]), particles are charged by the
electrode at the gun outlet and then deposit on the grounded target. The flight of the
particles is mainly dependent on electrostatic and aerodynamic forces, of which
electrostatic force is more dominant [7]. However, the corona gun is only good at coating
parts with simple geometries since the Faraday Cage effect will block out external static
electric fields created by the corona discharge. But due to its higher coating efficiency
and good charging reliability, the corona gun remains the most popular tool for powder
coating.

Negative
02
Free Ions

Airflow
Pattern

Electric Field Lines

Grounded
Workpiece

Voltage
Generator

Figure 2.1 Corona powder coating gun
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The tribo gun (shown in Figure 2.2 [8]) follows the same idea as corona gun. However,
unlike the corona gun, the tribo gun charges the particles by friction instead of external
high voltage through the intense contact of particles and the inner gun wall. Because no
corona discharge is exposed, the tribo gun does not create strong electrical field in
between the gun tip and the target, which results in a better resistance to Faraday Cage
effect. However, the tribo gun is sensitive to spraying conditions such as humidity,
substrate surface properties and powder properties. As a result, the application of tribo
gun cannot surpass the corona gun [9].

Powder
Particles

Charged and
Uncharged
Particles

Uncharged
Particles

Grounded
Workpiece

Airflow
Pattern

Charged
Particles

Figure 2.2 Tribocharging powder coating gun
Although like other powder coating techniques, electrostatic powder coating is superior to
liquid coating in many ways, only coarse powders of 30-60 microns can be used for
powder coating so far. However, the main problem with coarse powders is that the layer
they formed on the surface is so thick that makes the coating non-uniform after curing.
This prevents the powder coating technique from being used for high-quality surface
finishing.
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2.1.3 Electrostatic ultrafine powder coating technology
The use of ultrafine powders (10-20 microns) has been shown to overcome the above
problem since it can apply a very thin layer of paint powder on the surface. However,
ultrafine powders are hard to handle due to their small particle sizes. According to Geldart
Powder Classification System [10], powders are divided into four groups based upon the
particle size and density. Particles with particle size smaller than 25-30 pm belong to
Group C powders that exhibit strong cohesiveness. In the fluidization process, the
cohesiveness of the powder can create plugging or severe channelling phenomenon [11].
Furthermore, ultrafine powders have less particle deposition on the target during
electrostatic spraying under normal coating condition [12]. Therefore, in traditional
powder coating technique, the particle size of powders is generally restricted to 25pm,
and the ultrafine powders could not be used at all.

Many investigations showed that the cohesiveness of the powders can be caused by
several different inter-particle forces, such as: van der Waal’s force, capillary force,
electrostatic force, etc, among which van der Waal’s force is the most significant factor
that can substantially reduce the powder flowability [13]. In order to reduce the inter
particle adhesion in fine particles, flow additives have been investigated. Yang et al. [14]
studied powder cohesion and demonstrated that introducing nano-particles of silica into
ultrafine particles could reduce the particles’ attraction and improve ultrafine particles’
flowability.

Therefore, to handle those ultrafine paint powders effectively, the particle technology
group in the University of Western Ontario (UWO) has developed novel electrostatic
ultrafine powder coating techniques that can significantly reduce or effectively eliminate
those inter-particle forces [15, 16]. In this work, we applied this novel ultrafine powder
handling method to the powder coating process. Based on the significant improvement of
this electrostatic ultrafine powder coating technique, it has been widely used in many
areas, including not only the conventional industrial fields, such as automotives and
furniture, but also many new territories, such as in creating surfaces with special
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functionality (super-hydrophobicity/super-hydroscopicity [15], oil-phobicity/oil-philicity
[17] , anti-bacterial ability, for drug delivery with different controlled release mechanisms
[18] , for orthopedic implant materials [19], and so forth.

2.2 Application of Electrostatic Ultrafine Powder Coating Technology in
Bone Tissue Engineering
In the last few years, over 1 million bone restoration surgeries and approximately 500,000
bone graft procedures were performed annually and the market cost of these products was
over $7 billion in the U.S [20]. Moreover, it is reported that in the next 20 years, the
population of North Americans over the age of 60 will almost double [21], which
increases the necessity of health care equipments, including orthopaedic implants and
bone grafts.

2.2.1 Biomaterials for bone tissue engineering
A biomaterial is defined as a synthetic or natural material suitable for use in constructing
artificial organs and prostheses. Biomaterials for bone tissue engineering play an essential
role as scaffolds to provide two-dimensional or three-dimensional templates and synthetic
extracellular matrix environments for bone tissue regeneration and orthopedic
treatments[22]. Basically, there are three types of biomaterials: metals, polymers and
bioceramics. Metallic implants [23-25] have high modulus, yield point and ductility,
which make them suitable for bearing large loads without deformation. Metallic implants
are therefore mostly used to replace hard tissues. The metals initially used for bone
replacement included stainless steel and cobalt chrome alloys. However, their high
mechanical strength resulted in stress-shielding and bone resorption. Also, other
drawbacks such as corrosion would lead to a reduced mechanical strength and toxic by
products. Therefore, titanium and titanium alloys are being preferred due to their
advantage of possessing relatively lower modulus of elasticity and a higher resistance
against corrosion. Moreover, the oxide layer of titanium has significant benefit on the
integration with bone tissue [26].
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Polymers are long chain high molecular weight materials consisting of repeating
monomer units. The physiochemical properties of polymers are influenced by many
factors such as the chemical composition and the molecular weight distribution. This
variation in production has made a large number of polymers available for implantation
purposes, especially for the replacement of soft tissue, such as cartilage, vessel wall, etc.
Polymeric materials have many advantages. For example, elastic modulus mismatch
between the polymers and bone is reduced compared to metals, which decreases stress
shielding and bone resorption. Besides, most polymers can be gradually replaced by the
host tissue through degradadation. However, in some cases this approach may lead to
deterioration of mechanical properties, which limit the use of polymers [23-25].

Bio-ceramics used for the repair and reconstruction of damaged parts of the body include
a broad range of inorganic/non-metallic compositions. Implants of bioceramics have
played an increasingly important role in bone restoration because of their irreplaceable
properties such as resistance to further oxidation (thus inertness within the body), high
stiffness and low friction. Moreover, the biocompatibility of bioceramics can promote the
apposition of bone forming cells with materials via chemophysical bonding. However, the
mechanical strength and especially the resistance against fatigue failure is low [23-25].
Table 2.2 is the brief summary for different type of biomaterials[23].
\
However, all the individual materials of metals, polymers and ceramics fail to perfectly
match the properties of human tissues. This problem leads to the development of
composites that contain more than one type of materials so as to combine good properties
of different types of materials while avoiding their drawbacks. An example of this is the
coating of bio-inert materials, such as alumina, with a bioactive material such as
hydroxyapatite to promote direct bone attachment in hip replacements [27,28].

Figure 2.3 [29, 30] shows the typical bone implants ( a hip replacement and tooth implant)
in real life. Generally speaking, most of the implants are combined with more than one
kind of materials. Take the hip replacement as an example: the prosthesis consists of steel
components (a socket, ball, and stem), the outer shell of the socket is usually made of
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metal and the inner shell consists of plastic, or the entire socket may be plastic. When the
metal ball is joined with the socket, the new hip can allow for smooth, nearly ffictionless
movement.
Table 2.2 Class of biomaterials
Common
applications
Cardiovascular,
maxillofacial, soft
skeletal tissue,
ligament, space filling
devices, dental
implants, bone
cement, lens,
intraocular and
middle ear prostheses,
percutaneous devices,
drainage tubes,
shunts, drug delivery
systems

Materials

Advantages

Disadvantages

Polymers
Polyolefins,
Polyesters,
Polyamides,
Polyurethane,
Polyacetals,
Polyether,
Silicone,
Rubber.

Low density
Easy to fabricate

Low mechanical
strength, Additives,
oligomers may cause
tissue reactions

Metals
Stainless steel,
Cobaltchromium,
Titanium alloys,
Pt, Pt-Ir alloy

High impact
strength, High
resistance to wear,
Ductile, absorption
of High strain
energy High
conductivity

Low biocompatibility, Orthopedic load
bearing and fixation
Corrosion in
devices, dental
physiological
implants
environment,
mismatch. For
mechanical properties
with soft connective
tissues

Ceramics
Alumina,
Zirconia,
Calcium
phosphates

Good
biocompatibility,
Inert, corrosion
Resistance, high
tensile, strength,
Biodegradable

Neuromuscular
Low mechanical
stimulation, Hip and
strength, high cost,
Knee
prostheses,
Undesirable surface
dental implants,
properties, special
techniques are needed improving
biocompatibility.
for material
fabrication,
Temporary support,
Degradation not
assist regeneration of
controllable
natural tissues
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Crown of
Natural Tooth

_

Manufactured
Crown

Aoetabular shell

Polyethylene

Implant
Abutment

Gum Tissue

Femoral head

Gum
Tissue

Hip implant
Periodontal
Ligament

Bone

Implant
Screw
Root

Unassembled total hip

Assemble total hip

Parts of an Implant

Figure 2.3 A hip replacement and teeth implant

2.2.2 Limitation of biomaterials for bone tissue engineering

The limited biological performance of current orthopaedic implants presents a large and
growing socioeconomic burden in the world. For example, in 2004, the failure of
replacement joints prompted 86,000 revision surgeries for hip and knee arthroplasties,
which cost $3.2 billion, and those surgery numbers are reported to exceed 3.6 million by
2030 [31]. Similarly, the loosening of screws for spinal implants and fracture fixation in
osteoporotic patients are major clinical concerns, with high failure rates estimated to be
18-27% [32] and 5-23% [33] for lifetime, respectively. Furthermore, auto-grafts, the
gold standard of treatment, are limited by donor site supply and morbidity. Actually, all
grafts are limited by increased bone resorption, poor mechanical properties and the risk of
infection [34]. Therefore, improved orthopaedic materials are needed to promote implant
integration into host bone and enhance bone formation.

17

2.2.3 Traditional coating technologies for bone tissue engineering
It has been recognized that the chemical and morphological characteristics of biomaterial
surfaces are essential to improve the biomaterials mechanical stability and
biocompatibility to promote cell migration, proliferation and differentiation on them.
Thus, to some extent, the properties of biomaterials surfaces determine the success of the
existence of implants as well as their long term interactions with host tissues in the body
[35].
As have been mentioned before, for bone tissue engineering, such as orthopedic and
dental implantology, titanium and its alloys are the most widely used materials due to
their excellent mechanical properties and biocompatibility [36]. However, the bioinertness of titanium and its alloys may delay their integration into the surrounding tissues
and finally lead to the insufficient osseointegration [37]. Therefore, to improve the bio
activity of titanium and its alloys, a broad range of surface modification techniques have
been investigated. These techniques include: (1) enhanced surface topography and
roughness through sandblasting [38] and acid etching [39] and surface coatings process
[40-47]; (2) enhanced bioactivity through surface oxidation technique and coatings
process [40-47].
\

As an effective surface modification method to both alter the surface topography and
incorporate biocompatible and/or bioactive coatings with the biomaterials to enhance the
tissue response, surface coating techniques have been widely studied. Until now, the most
commonly used coating techniques include plasma spray process [40-42] sputter-coating
process [49, 50], chemical deposition process [46], sol-gel process [45], electrochemical
polymerization process [47]. These techniques have a lot of advantages, such as a
forming chemical bonding (covalent or non-covalent) between organic and inorganic
components of the hybrid coatings [48], forming controllable porous surface structure,
good adhesion to a variety of different types of substrates [49]. However, most of these
techniques are expensive, time consuming and complex.
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For example, in the process of plasma spraying, a plasma flame is used to heat
hydroxylapatite (HA), which is then propelled onto target substrate in an inert
environment. Titanium biomimetic surface area can be increased by the plasma-sprayed
coatings of HA. However, the high processing temperatures that are necessary for plasma
spray result in thick coating layers that lack surface homogeneity and have low bond
strength to their substrate [40, 41]. To overcome these problem, the sputtered coating
process uses a beam of ion (ion-sputtering) [43] or magnetron (magnetron sputtering) [44]
onto an HA block to vaporize HA and create HA plasma and then recondense this plasma
onto the titanium. The HA coatings formed by this technique have a much stronger bond
to titanium substrate. However, this is costly and time consuming, and the HA coatings
may contain impurities.

2.2.4 Application of electrostatic ultrafine powder coating technology in bone tissue
engineering
Electrostatic ultrafine powder coating technology is utilized for the first time to modify
titanium surface for orthopaedic implantology. In 2010, Mozumder et al.[19] have
successfully used this technique to provide a nano-TiC>2 enriched polymeric powder
coating on titanium substrate with a homogenous element dispersion. Nanoscale surface
morphology was observed by adding nano-TiC>2 and the microscale morphology was
controlled by the content of PTFE. It also investigated a promotion for attachment,
proliferation and differentiation of human embryonic palatal mesenchymal cells.
Moreover, best biocompatibility was found by using white avalanche polyester and 25 wt%
microized Ti(>2 particles as base powders and using 0.5 wt% nano-TiC>2 as additives. It
demonstrated that nano-TiCb could increase the nanoscale morphology of the coating
surface, which support HEPM cells’ growth significantly.
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2.3 Application of Electrostatic Ultrafine Powder Coating Technology in
Dentine Tubules Occlusion.
2.3.1 Dentine sensitivity
Dentine is a calcified tissue of the body, and along with enamel, cementum, and pulp, is
one of the four major components of teeth. The cross section of a tooth and the top view
and cross section of dentine tubules are shown in Figure 2.4 [50] and Figure 2.5[51].

Enamel

Dentin
Gingiva (gum)

Pulp cavity
Pulp
Cementum
Root canal
Alveolar bone
Periodontal ligament
Apical foramen
Nerve
Vascular supply

\

Figure 2.4 Schematic picture of the anatomy of the teeth. The tooth is made up of four
primary components: enamel, dentin dental pulp and cementum
Dentine sensitivity is defined as pain arising from exposed dentine typically in response
to thermal, chemical, tactile or osmotic stimuli [50]. From its first detection in the 1500s,
this disease has become common among people all over the world. It has been reported
that dentine sensitivity affects around 40 million people in US annually nowadays [52].
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Figure 2.5 Exposed dentine surfaces (Top view and cross section)

Dentine may become exposed by several means. For example, as a result o f attrition,
abrasion or erosion, the enamel or cementum which normally covers the dentine surface
may be removed or denuded [50]. Alternatively, in some individuals, the cementum and
enamel do not meet and result in dentine exposure due to developmental anomaly [53].
Dentine contains many thousands of microscopic tubular structures that radiate outwards
from the pulp. When dentine is exposed to the oral environment, changes of thermal,
chemical, tactile or osmotic conditions cause by the flow o f the biological fluid can
trigger mechanoreceptors present on nerves located at the pulpal aspect and then elicit a
pain response. Moreover, this hydrodynamic flow can be increased by cold, air pressure,
drying, sugar, sour or forces acting onto the tooth [54],

2.3.2 Traditional methods and agents for treatment of dentine sensitivity

Dentine hypersensitivity can be managed by many treatment methods. Chemical or
physical agents are used to either desensitize the nerve or cover the exposed dentine
tubules [55]. The common treatment methods and agents for dentine hypersensitivity are
summarized in Table 2.3 [56].
An ideal nerve desensitizing agent has several characteristics, which include not
irritating the pulp, being relatively painless to apply, easily applied, rapid action,
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permanently effective and not discolouring the teeth [53]. Potassium nitrate is one of the
most effective agent for desensitizing nerves. The popular explanation of the mechanism
of action of potassium nitrate is that the potassium ions are the active components and
that pottassium nitrate reduces dentinal sensory nerve activity due to the depolarizing
activity of the K+ ion [57].

Anti-inflammatory agents such as corticosteroids have also been proposed for use to
manage dentine hypersensitivity. However, they are found to be not particularly useful.
Alough these agents are presumed to induce mineralization leading to tubule occlusion,
this view has yet to be validated and the validity of using such agents has been
questioned [56].

Sealing of deninal tubules with resins and adhesives has also been ultilized for many
years. Studies on the role of these materials on the exposed dentin showed an acceptable
durability, except when there are fractures in the material. They produce an immediate
effect, but they are easily removed [56].

2.3.3 Glass ionomer cements and their application for dentinal tubules occlusion
Before glass ionomer cements came to the market in 1972, amalgam arid resin composites
were the most commonly used restorative materials in dentine sensitivity treatment [58].
Amalgam is inexpensive and easy to handle, however their poor esthetics and possible
toxicity caused by mercury limited their application. Resin composites are the most
esthetically accepted material with satisfactory physical properties. However, they are
highly cost, time-consuming and technique-sensitive.

Glass ionomer cements were first developed by Wilson and McLean at the Laboratory of
the Government Chemist in England in 1965 [58]. They were a logical addition to the
family of water-based dental cements, comprising silicate cement, zinc phosphate cement
and zinc and polycarboxylate cement. Glass ionomer cements (GICs) are useful as
restorative and luting materials due to certain unique properties, including adhesion to
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moist tooth structure and base metals, anticariogenic properties due to the release of
fluoride, thermal compatibility with tooth enamel, biocompatibility and low toxicity [59].

Glass ionomer cements have worked as fillings to seal the entrances of the open dentinal
tubules. For example, Powell et al. [60] found significantly diminished post-operative
sensitivity to all the stimuli when using glass ionomer. After six months, the reduction in
sensitivity of the lesions to air was between 57% and 78%, to heat 80% and to cold
between 57% and 76%.
Table 2.3 Current agents for dentine hypersensitivity treatments
1. Nerve desensitization
Potassium nitrate
2. Anti-inflammatory agents
Corticosteroids
3. Cover or plugging dentinal tubules
a. Plugging (sclerosing) dentinal tubules
Ions/salts
Calcium hydroxide
Ferrous oxide
Potassium oxalate
Sodium monofluorophosphate
Sodium fluoride
Sodium fluoride/stannous fluoride combination
Stannous fluoride
Strontium chloride
Protein précipitants
Formaldehyde
Glutaraldehyde
Silver nitrate
Strontium chloride hexahydrate
Casein phosphopeptides
Burnishing
Fluoride iontophoresis
b. Dentine sealers
Glass ionomer cements
Composites
Resins
Varnishes
Sealants
Methyl methacrylate
c. Periodontal soft tissue grafting
d. Crown placement/restorative material
e. Lasers
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2.3.4 The potential of electrostatic ultrafine powder coating technique’s application
for dentinal tubules occlusion
When used as filling materials to block the open dentinal tubules and form sealing covers
in the clinic, glass ionomer cements are usually initialized by setting with a certain ratio
with water and applied onto pretreated dentine surfaces as aqueous slurries or in a capsule.
However, until now, no matter what kind of techniques used, the depth of dentine tubules
penetration by GIC and other restorative materials (such as gold and calcium
hydroxyapatite, strontium chloride containing dentifrice, nano-sized calcium oxide
particles) was only around 50 pm [61]. Such a shallow penetration is easy to be brushed
off. Therefore, the current techniques for treating dentine sensitivity by glass ionomer
slurries can only serve as a short term solution.

Most recently, Mozumder et. al [51] indicated a significantly increased depth of dentine
tubule penetration by GICs when these materials were provided as powders onto orthophosphoric acid/polyacid or water pretreated bovine dentine surfaces by an electraostatic
ultrafine powder coating technique [15]. This process is different from the conventional
procedure. It is superior for use on porous surfaces (dentine surfaces) and it has proved a
strong bonding between the inner walls of dentine tubules and the GIC powders. Such a
promising exploration brought the potential application of electrostatic ultrafine powder
coating technique in dentine sensitivity treatment.
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CHAPTER 3. The Preparation and Characterization of MTAEnriched Polymeric Powder Coatings on Titanium
The purpose of this study was to utilize the electrostatic ultrafine powder coating
technique to create polymeric powder coatings (PPC) enriched with mineral trioxide
aggregates (Grey ProRoot® MTA and White Tooth-colored MTA) on titanium substrates.
Polyester powders were mixed with micro-TiC>2 (25 wt%), grey/white MTA (5 wt%) and
nano-TiC>2 (0.5 wt%) powders to form grey/white MTA enriched polyester powder
coatings (GMPPC/WMPPC) using electrostatic ultrafine powder coating technology.
Their surface micro-topographies and nano-features were examined by scanning electron
microscopy (SEM) and atomic force microscopy (AFM) and their chemical composition
were analyzed by energy dispersive X-ray spectroscopy (EDX). Coatings adhesion on
pure titanium substrates were evaluated according to ASTM D3359 standard. SEM
showed that the PPC and MTA-enriched PPC (GMPPC and WMPPC) coatings were
relatively smooth, however detailed AFM analysis revealed consistent nano-sized
protuberances and concavities and a surface Rq of 10-20nm. EDX analysis confirmed the
successful incorporation of MTA onto the coatings, and a homogenous chemical
composition across all of the PPC surfaces. Coating adhesion test revealed an excellent
strong adhesion of PPC, WMPPC and GMPPC on pure titanium. This study demonstrated
that the novel electrostatic ultrafine powder coating technique successfully creates MTA
enriched polyester powder coating surfaces They possess uniform and homogeneous
nano-topographies and nano-roughness as well as an excellent adhesion on pure titanium,,
which may promote a beneficial cellular response.

3.1 Introduction
Titanium (Ti) and its alloys are widely used orthopedic and dental implant materials
because of their excellent mechanical properties, resistance to corrosion and
biocompatibility [1,2]. However, they are relatively inert and well tolerated, so that their
integration

into

the

surrounding

tissues

may

become

delayed.

Insufficient
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osseointegration can then lead to the formation of interfacial fibrous tissues that isolate
the implant and cause them to fail [3].

To reduce implant failures, efforts have been directed at enhancing the bioactivity of the
titanium surface so as to enhance tissue responses that lead to osseointegration. To this
end, the titanium implants have been modified by altering their surface topography and by
incorporating biocompatible and/or bioactive surface coatings that could enhance the
tissue response [4]. The modifications in surface topography have involved both physical
and chemical means such as sand blasting [5] and acid etching [6]. The preparation of
surface coatings [7-11] have involved plasma spray [12, 13], actual sputter-coating
physical deposition [9,14,15], or a hybrid combination of these techniques[10,11].

Until now, most of these titanium implant coatings have involved hydroxyapatite, or
hydroxyapatite-TiC>2 hybrid surfaces. The naturally occurring hydroxyapatite (HA,
Caio(PC>4)6(OH)2) is found within the skeletal and dental hard tissues, and accounts for
the inorganic component of these highly mineralized extracellular matrices. Therefore,
their incorporation on titanium implants as surface coatings would display chemical and
biological similarity with the host tissues, that could enhance bone formation and
facilitate osseointegration.

In the commonly used plasma spray technique, hydroxyapatite is heated with a plasma
flame at high temperature and voltage, and then propelled onto the substrate within an
inert environment[12, 13]. However, the high processing temperatures that are necessary
for plasma spray result in thick coating layers that lack surface homogeneity and have low
bond strength to their substrate [16].

In the sputter coating technique, either an ion (ion-sputtering) or magnetron (magnetron
sputtering) beam is directed onto hydroxyapatite, transforming it into plasma vapour that
is recondensed on titanium [14, 15]. These hydroxyapatite coatings are much thinner
(lpm) and have a much stronger bond to their titanium substrate. However, the sputter
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coating process is costly and time consuming, and the hydroxyapatite coatings may
contain impurities.

In addition to these hydroxyapatite coatings, hydroxyapatite-Ti02 hybrids have been
created that combine the osteoconductivity of hydroxyapatite with the biocompatibility of
titanium dioxide (TiC>2). Indeed the essence of titanium’s biocompatibility has been
attributed to the presence of a thin layer of TiC>2 on its surface, that readily forms under
moist conditions. However, since this layer is normally quite thin (several nanometers) in
the presence of body fluids, efforts have been directed at increasing its thickness through
oxidation. In the technique of micro-arc oxidation (MAO) [17] a voltage is applied to
titanium implants that have been immersed in an electrolyte to form a coating. The
resultant coatings have rough and porous surfaces and can include calcium and phosphate
with the Ti02 layer. Furthermore, their surface roughness, pore size and calcium and
phosphate incorporation can be modified by the electrolyte conditions. However,
ultimately only a limited amount of calcium and phosphate can be incorporated into TiC>2
layer by this technique [17].

Indeed the hydroxyapatite coatings may mimic the inorganic component in osseous
tissues, but the absence of an organic component may limit their resemblance. Since bone
is composed of mineral hydroxyapatite within an organic collagen^ matrix, the newer
polymer-ceramics provide a better resemblance, with improved flexibility and
biocompatibility [18]. In the polymer-ceramic composites the polymer provides the
continuous structure and design flexibility[19] and the ceramic material such as
hydroxyapatite (HA) or calcium phosphate serves to enhance osteoconductivity.

The

polymer-ceramic

composites

created

have

included

poly-L-lactide

acid

/hydroxyapatite (PLLA/HA), poly(lactic-co-glycolic acid)/hydroxyapatite (PLGA/HA),
and poly-L-lactide acid/polycaprolactone/hydroxyapatite (PLGA/PCL/HA) [20-22], that
have been prepared as scaffolds to facilitate bone tissue regeneration. However, there
have been few polymer-ceramic composites applied as titanium implant coatings, due to
the difficulties in their fabrication and application.
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In 2010, Mozumder et al.[23] have successfully used a novel, simple and inexpensive
ultrafine electrostatic powder coating technology [24] to provide a nano-Ti02 enriched
polymeric powder coating on titanium substrate and investigated an promotion for human
embryonic palatal mesenchymal cells’ attachment, proliferation and differentiation.

Meanwhile, mineral trioxide aggregate (MTA) is a kind of bioactive ceramic cements that
derived from a mixture of a refined portland cement compound and bismuth oxide. The
main components of MTA are hydrophilic particles of tricalcium silicate, dicalcium
silicate, tricalcium aluminate, tetracalcium aluminoferrite, calcium sulfate and bismuch
oxide [25]. MTA has been investigated for endodontic applications since the early 1990s.
It was first developed by Dr. Torabinejad in 1993, and was given approval for endodontic
use by the U.S. Food and Drug Administration in 1998 [26]. MTA was developed and
recommended initially as a root-end filling material and subsequently used for pulp
capping, pulpotomy, apexogenesis, apical barrier formation in teeth with open apexes,
repairing of root perforations, root canal filling, and so forth [27]. Such a comprehensive
application and rapid development of MTA should be attribute to its ideal properties such
as super biocompatibility. MTA is currently marketed in 2 forms: gray (GMTA) and
white (WMTA). The basic compositions of GMTA and WMTA are pretty much similar
\

with only a little less amounts of iron, aluminum, and magnesium presented in WMTA
than in GMTA [25]. However, MTA, has not been studied as biocompatible coatings in
orthopedic implantology.
In view of this, we sought to use the ultrafine electrostatic powder coating technology to
utilize MTA (ProRoot Grey MTA and tooth color white MTA) as the bioactive ceramic
agent and combine them with white avalanche polyester to provide polymer/ceramic
coatings on titanium The purpose of this study is to firstly, explore a new, inexpensive,
simple and fast strategy to provide polymer/ceramic coatings on titanium; Secondly, to
expand MTA’s application in the orthopedic by providing it as coatings for implants.
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3.2 Materials and Methods
3.2.1 Specimen Preparation
Preparation for PPC, WMPPC and GMPPC Powders
a. Preparation of PPC Powders
PPC powder formulations were prepared by using rough white Avalanche polyester
(LinksCoating, London, Canada) as the base resin polymer (Figure 3.1). This was
combined with filler (CR822), flow (P10), degassing (BEN) and curing agents (TGIC), as
well as micron-sized TiC>2 (25 wt%) that served as a biocompatibility agent. These
powders were mixed together and ground through a twin-screw extruder (Donghui
Powder Processing Equipment Co., Yantai, China) and then a high-shear mixer
(Invitrogen GIBCO®, Carlsbad, CA) to obtain fine particles (particle size = 1 5 - 2 0 pm)
for the PPC base powders. The base powders were then refined by a vibrating screening
machine (Vorti-Siv/MM Industries Inc. Salem, OH) to pass through a sieve with a 25 pm
pore size. Subsequently, Ti02 nanoparticles (0.5 wt% nTi02; Degussa, USA) were added
as flow additives to the base powders in the high-shear mixer. These mixtures were again
passed through a sieve (25 pm) to obtain ultrafine PPC powders.
b. MTA-Enrichment of PPC Powders

\
MTA-enriched PPC powder formulations were prepared by using the same procedures as
those used for ultrafine PPC powders (Figure 3.1). However, when nTi02 (0.5 wt%) flow
additives were added to the PPC base powders in the high-shear mixer, mineral trioxide
aggregate (5 wt% ProRoot® MTA, Dentsply Tulsa Dental, Johnson City, TN, USA)
powders were included. In these enriched formulations, either Grey (5 wt%, ProRoot) or
White (5 wt%, Tooth-colored) MTA were added as a bioactive agent, along with the
nTiC>2 (0.5 wt%) flow additive. These mixtures were ground by the high shear mixer and
passed through a sieve with a 25 pm pore size by the vibrating screening machine to
obtain ultrafine grey and white MTA-enriched PPC powders. The compositions of PPC,
WMPPC, GMPPC coatings are shown in Table 3.1
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Application o f PPC Coatings
PPC and MTA-enriched PPC coatings were created by the application of ultrafine
powders onto titanium substrates (Figure 3.2). The ultrafine PPC, GMPPC and WMPPC
powders were sprayed onto smooth sheets (Grade 2, McMaster-Carr, Cleveland, OH,
USA) of commercially pure titanium (cpTi). A Corona Gun (Nordson, Westlake, OH,
USA) was used to apply voltage (20kV) and ionize the powder particles that were then
sprayed onto the titanium sheets that had been grounded. Subsequently, the thin layers of
PPC, GMPPC and WMPPC on titanium were cured (200°C, 10 min) in a High
performance air flow oven (Sheldon manufacturing, Inc., Cornelius, OR, USA). The
coated sheets were then cut into regular sized disks (thickness = 0.5 mm, diameter =
7.5/15 mm) for further analysis.

Table 3.1 Polymeric Powder Coating (PPC) Formulations
Coating

Base

Biocompatibility

Flow

Bioactive

Polymer

Agent

Additive

Agent
None

PPC
WMPPC

White Avalanche

Micron-sized

nTi02

White MTA

Polyester

Ti02 (25%)

(0.5%)

(5%)

GMPPC

Grey MTA
\

(5%)

*All compositions were in weight percent.

3.2.2 Characterization of MTA enriched polymeric powder coatings
The surface morphology and elemental composition of the cpTi, PPC, GMPPC and
WMPPC were analyzed by scanning electron microscopy (SEM) (Hitachi, Pleasonton,
CA), atomic force microscopy (Park Systems AFM XE-100) and energy dispersive X-ray
spectroscopy (EDX) (Hitachi, Pleasonton, CA, USA).
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Scanning electron microscopy
The cpTi, PPC, GMPPC and WMPPC disks were mounted onto aluminum stubs and
secured with adhesive carbon tape. The disk surfaces were sputter coated with gold
(20nm), and then carefully examined with a Hitachi S-4000 (Hitachi, Pleasonton, CA,
USA) scanning electron microscope (SEM). The working voltage was set at 5 kV, beam
current was set at 30mA and working distance was set at 5 mm.

Polymers,
Filler (CR822),
Flow (P10),
Degassing (BEN),
Curing agents (TGIC)
25 wt. % T i02 Particles

*

Funnel

\(
«

r

0.5 wt% Ti02,
5 wt% WMTA^1
or 5 wt% GMTA

Mixing and
Sieving

W A ...W \'W
Twin—screw extruder

High shear mixer

Vibrating screening
machine

Figure 3.1 Preparation process for PPC, WMPPC and GMPPC compositions

Charged Powder Particles

Figure 3.2 Application of PPC and MTA-enriched PPC onto Titanium
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Atomic force microscopy
The cp-Ti, PPC, GMPPC and WMPPC disk surfaces were analyzed with a dynamic force
mode Park Systems XE-100 (Park Systems, Suwon, Korea) atomic force microscope
(AFM). The spring cantilever length (125 pm), width (40 pm) and thickness (4 pm) were
set. The spring constant was ~40 N/m and the nominal tip radius of the silicon cantilever
was 10 nm. The surfaces were analyzed at room temperature, and 256x256 pixel
resolution images were obtained.

Energy-dispersive X-ray spectroscopy
The cp-Ti, PPC, GMPPC and WMPPC disks were mounted onto aluminum stubs and
secured with adhesive carbon tape. The disk surfaces were sputter coated with gold
(lOnm), and then analyzed by energy dispersive X-ray spectroscopy (EDX) with a
Hitachi S-4000 SEM (Hitachi, Pleasonton, CA, USA). The working voltage was set at 15
kV, beam current at 60 mA and working distance at 15 mm. Each element was identified
(minimum detection limit = 0.0%), and its presence calculated (weight percent). The
EDX analyses were repeated at three separate locations on each surface, and the mean
surface concentrations of key components calculated.

In addition, the EDX analyses were repeated across the entire surface of each disk to
identify the presence and distribution of the elements. This elemental mapping showed
the distribution of key elements across each surface.

Measurement o f surface roughness
Surface roughness was measured with a Dektak 8 Stylus Surface Profiler (Veeco
Metrology Group, Santa Barbara, CA). The disks were loaded onto a high precision stage
that moved beneath a diamond-tipped stylus. The scan length was 20 mm, the scan
resolution was 1.111 pm / sample and the stylus force was 8 N. Each surface was scanned
at ten different locations to measure vertical features. The mean deviation of these vertical
features from the centerline was then calculated as a measure of surface roughness (Ra).
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Test o f adhesion
The PPC, GMPPC and WMPPC coatings were tested for their adhesion to the underlying
titanium disks with an Elcometer 107 Cross Hutch Cutter (Elcometer Ltd., Windsor,
Canada), according to the ASTM D3359 standard [28]. In this test the coatings were cut
down to the substrate with a blade (11x1.5 mm), and multiple perpendicular cuts were
made to create a grid of small squares. This lattice was brushed to remove debris, covered
with adhesive tape, and firmed with a pencil eraser. Then, within 2 minutes of application
the tape was withdrawn by seizing the free end and pulling it at an angle of about 180°.
The remaining lattice was then assessed for retention and scored (scale: 0 - 5 ) for
adhesion according to the ASTM standard D3359.

3.3 Results
3.3.1 Surface morphology
Commercially pine titanium (cp-Ti) surfaces were coated with polymeric powder
coatings (PPC); either Grey (GMPPC) or White (WMPPC) MTA-enriched PPC; or left
uncoated as controls. Figure 3.3 showed the scanning electron microscopic (SEM)
examination of their surfaces. The cpTi (a) had a smooth scalloped appearance, whereas
the PPC (b), GMPPC (c), and WMPPC (d) had a smooth but textured appearance.
\
AFM images of the sm-Ti, PPC, GMPPC, WMPPC surfaces are shown in Figure 3.4 and
the surfaces roughness was shown in Table 3.2. AFM examination of their surfaces
showed that the cpTi (a) had a scalloped appearance with large micron-sized depressions,
whereas the PPC (b), GMPPC (c), and WMPPC (d) had a flat layer filled with numerous
submicron-sized pits

and nano-scale projections.

Surface roughness of PPC

(Ra=9.56±2.23 nm, Rq=13.17±2.45 nm), GMPPC (Ra=11.82±1.58 nm, Rq=20.24±1.37
ran) and WMPPC (Ra=10.11±1.06 nm, Rq=16.11±1.18 nm) also reflected the matching
result of AFM.
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Figure 3.3 SEM images o f the surface morphology of (a) pure Titanium (lOOOOx), (b)
PPC (lOOOOx), (c) GMPPC (lOOOOx), and (d) WMPPC (lOOOOx).

Table 3.2 Surface roughness
Biomaterial

Surface Roughness (Ra)

Surface Roughness (Rq)

Surface

Arithmetic Mean

Root Mean Square Average

cpTi

0.99 ± 0.03 (pm)

1.23 ± 0.04 (pm)

PPC

9.56 ± 2.23 (nm)

13.17 ± 2.45 (nm)

GMPPC

11.82 ± 1.58 (nm)

20.24 ± 1.37 (nm)

WMPPC

10.11 ± 1.06 (nm)

16.11 ± 1.18 (nm)
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Figure 3.4 AFM images of the of (a) pure Titanium, (b) PPC, (c) GMPPC and
(d)WMPPC (The horizontal axis of the AFM images represented the x and y axes and the
vertical axis represented the z axis. For (a), Scan size: 45 x 45; For (b), (c), (d), Scan size:
1 0 x 1 0 pm)

3.3.2 Chemical composition of different surfaces

The chemical elemental compositions of PPC, GMPPC and WMPPC were analyzed by
EDX and the results are shown in Figure 3.5, Table 3.2 and Figure 3.6. As shown in
Figure 3.5, PPC contained mainly carbon, titanium and oxygen, due to its formulation of
white avalanche polyester, 25 wt% microscale titanium particle and nano TiC>2 particles.
GMPPC revealed similar composites to PPC as well as certain concentrations of Calcium
and Bismuth. Table 3.2 showed the elemental concentrations in PPC and GMPPC and the
result also revealed the existence of Calcium and Bismuth in GMPPC. Figure 3.6 showed
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the elemental mapping of Carbon, Oxygen, Titanium and Calcium, which also revealed a
homogenous distribution of Calcium in GMPPC. However, none Calcium was detected in
PPC. A similar result was observed from the analysis of WMPPC (not shown). As the
main components of GMTA and WMTA powders, the detection of Calcium and Bismuth
in GMPPC and WMPPC demonstrated that MTA powders had been well mixed with PPC
base powders and could be successfully and homogeneously provided as coatings on pure
titanium substrate. Both GMPPC and WMPPC surfaces were analyzed by EDX for 3
random areas.

C o unts

3000

2000

1000

Figure 3.5 EDX analysis of the surface of (a) PPC, and (b) GMPPC

Table 3.2 Elemental Concentrations in Polymeric Powder Coatings
Concentration
PPC

GMPPC

Carbon

59.82 wt% ±0.91 wt%

58.40 wt% ±0.43% wt%

Oxygen

19.63 wt% ±0.39 wt%

19.12% wt% ±0.12 wt%

Calcium

Not detected

1.02 wt% ±0.12 wt%

Titanium

17.34 wt%±0.17 wt%

17.79 wt%±0.56 wt%

Bismuth

Not detected

1.82 wt% ±0.15 wt%
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Figure 3.6 The elemental mapping of Carbon, Oxygen Titanium and Calcium.for (a) PPC,
and (b) GMPPC surfaces coated on pure titanium by EDX analysis (The mapping results
were shown on the right and the areas for the mappings were shown on the left)

3.3.3 Coating adhesion

The coating adhesion of PPC, GMPPC and WMPPC on pure titanium substrate were
analyzed by Elcometer 107 Cross Hutch Cutter and the results showed that all of PPC,
GMPPC and WMPPC coatings had excellent adhesion on titanium substrate with a 5B
standard according to ASTM D3359 [86], In this measurement standard, 5B means 0%
percent area of the lattice squares were dislodged by the removal of the tape during the
testing.
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3.4 Discussion
Techniques for the modification of implant surfaces to improve osseous tissue growth
have been widely investigated and developed [5-11]. Moreover, both biocompatible
ceramics and polymers [29-31] have been successfully investigated as coatings on
titanium surfaces to improve cell responses. Very few studies have been done on
providing a polymer/ceramic composite coating on titanium surfaces to improve
osteoblastlike cells’ response. Current coating techniques have their drawbacks such as
being expensive, time consuming, unable to form high strength between coatings and
substrates. Moreover, in the case of coatings that involve multiple layers, the interface
that lies between adjacent surface modifications layers may be weak and susceptible to
failure.

This study has found that ultrafme powder coating technology could successfully
combine biodegradable white avalanche polyester, nano-sized metal oxides (nano
titanium dioxide) and bioactive ceramic powders (MTA) together and provide as coatings
on pure titanium to support osteoblast cell responses. Moreover, this study successfully
extended MTA’s function by homogenously mixing MTA with polymer powders and
using the mixture to produce the coatings.

Specifically, the SEM, AFM experiments revealed much smoother surface morphology
within nanometer topography compared to cp-Ti, which had a micrometer topography.
EDX tests found a relatively homogeneous distribution of MTA in polymer carriers. The
coating adhesion experiment demonstrated a very strong bonding of MTA enriched PPC
coatings on titanium. The surface nanoscale morphology may be attributed to the 0.5 wt%
nano-TiC>2 in PPC, GMPPC and WMPPC [26] since many investigations for surface
roughness also mentioned that nano-additives could increase implants’ nanoscale
morphology [32]. The uniform distribution of biocompatible agent in polymers may
attribute to the polymer/ceramic composite fabrication process, in which polymers and
biocompatible agent such as micro-Ti02 particles and MTA powders were mixed
completely by a high shear mixer and screening machine. A similar consequence was also
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detected by Mozumder et al [23], in which 25 wt% microsized Ti02 were detected to be
homogenously distributed in polyester carriers in both powder form or coating form. The
strong bonding between the MTA-enriched PPC coatings and the pure titanium substrate
should be attributed to the curing process in which the composite coating powders melted
and physically adhered with the substrate.

The biocompatibility and cellular responses to this novel coating surface will be presented
in Chapter 4.

3.5 Conclusions
•

The novel electrostatic ultrafine powder coating technique created PPC, GMPPC
and WMPPC surfaces possess regular nano-topographies and nano-roughness to
enhance the cellular response.

•

Furthermore, PPC can be readily and homogeneously enriched with MTA
materials by novel electrostatic ultrafine powder coating technique.

•

PPC, GMPPC and WMPPC coatings exhibited a very strong adhesion to
titanium.

•

The novel electrostatic ultrafine powder coating technique has demonstrated a
potential for a widespread applications in orthopedic and dental implant area.
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CHAPTER 4.

MTA Enriched Polymeric Powder Coatings on

Titanium Support Human Mechencymal Cells Response
The purpose of this study was to create mineral trioxide aggregate (MTA; grey ProRoot
MTA and white ProRoot MTA) enriched polyester powder coatings on titanium
substrates using electrostatic ultrafine powder coating technique and evaluate their
biocompatibility. In this study, human embryonic palatal mesenchymal cells (HEPM)
were grown on uncoated titanium, and on PPC, GMPPC and WMPPC coated titanium
surfaces. Their biocompatibility was evaluated by HEPM cellular response to these
biomaterial surfaces. Attachment, spreading and proliferation of cells were examined by
SEM, inverted fluorescence microscopy (IFM), cell counting and MTT assay. Osteogenic
differentiation and mineralization were observed by Alizarin red S staining. After 24
hours, 72 hours, 7 days and 28 days of culture, SEM and IFM revealed that HEPM made
good cells attachment, spread, had plentiful extensions and formed intercellular matrix,
on PPC, GMPPC and WMPPC surfaces. Cell counting and MTT assay showed that
proliferation rates on GMPPC and WMPPC are higher than that on PPC and pure
titanium. Alizarin red S staining revealed that mineralization happened on all the surfaces.
This study demonstrated that this novel electrostatic ultrafine powder coating technique
could successfully creates highly biocompatible polyester powder coating surfaces that
support attachment, growth and differentiation of HEPM cells.

4.1 Introduction
Titanium and its alloys have long been recognized as dental and orthopedic implant
materials [1] because of their excellent resistance to corrosion, mechanical properties and
biocompatibility [2]. The oxide layer TiC>2, which naturally forms under moist conditions,
protects the metal against chemical attack and corrosion. It also promotes the interaction
of Ti with surrounding biological fluids and cells. The short term success of Ti as
implants has been proved, but problems arise at long term due to the weak integration
and bio-inertness of Ti implants in the bone tissues [3],
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The physico-chemical properties of Ti implant surface like roughness, topography,
surface charges , purity and coating thickness affect the implant osteointegration in vitro
and in vivo [4]. Thus, many studies have been devoted to modifing Ti implant surface
properties using different methods, such as providing bioactive coatings [5], chemical
etching [5], and sand blasting [6]. As an essential strategy for Ti surface modification,
bioactive coatings which exhibit similarities to the extracellular matrix (ECM) can
promote protein absorption so as to increase the osteointegration. Considerable
development work on bioactive ceramic (such as hydroxyapatite, titanium dioxide,
calcium phosphate and their hybrid forms) surface modifications has been carried out
over the last decades [1, 7-13]. Very recently, the development of polymers
(biodegradable synthetic polymers or bioactive molecules) for surface modification of Ti
in order to add high-order biofuncionality has begun [3,4, 14-16]. It is also expected that
a polymer-ceramic hybrids [17] that combine characteristics of organic polymers and
inorganic metals could largely improve the interaction between Ti and bone tissues since
polymer provides the continuous structure and design flexibility and ceramic provides
good osteoconductivity [18].

For example, You et al. [19] prepared biodegradable calcium phosphate (CMP) coatings
\
and then coated on cp-Ti substrates by a dip-spin coating technique. The biocompatibility
and cytotoxicity were tested in the proximal tibia of Newzealand White mature male
rabbits. The in vivo results demonstrated that CMP coated specimen had better
biocompatibility and lower cytoxicity than those of the non-coated specimen.

Kim et al. [1] fabricated hydroxyapatite (HA) composites with TÍO2 up to 40 mol% and
coated them on a titanium substrate by a sol-gel route and found that the osteoblast-like
cells (Human osteosarcoma HOS (TE-85) cells) grew and spread more actively and
exhibited a higher proliferation rate and alkaline phosphatase (ALP) activity on the
composite coatings than those on bare Ti, and even comparable to those on pure HA
coating.
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Gomes et al. [11] coated silicon-hydroxyapatite (Si-HA) coatings over titanium
substrates (Ti-6A1-4V) using plasma spray technique. Human bone marrow-derived
osteoblastic cells were used to assess the in vitro biocompatibility of the constructs. The
results showed that cells attached and grew well on the Si-HA coatings, providing
evidence for an increased metabolic activity and alkaline phosphatase expression
compared to pure titanium and HA coatings. Further, a trend for increased differentiation
was also verified.
Mayingi [15] functionalized pure titanium by grafting bioactive polymers bearing anionic
groups, sodium styrene sulfonate (NaSS) on it through radical polymerization under an
intert atmosphere. The adhesion of human osteoblast-like cells (line MG63) were
cultured and a higher calcium secretion from cell proliferating and a higher adhesion
strength of cells onto polyNaSS grafted Ti surface after 28 days of culture were observed.

De Giglio et al. [20] synthesized a thin film of passive poly(acrylic acid) (PAA) on
titanium and TiAlV by an electrochemical polymerization process and used MG-63
human osteoblast-like cells to test their biocompatibility. Quantitative analysis of the
MTT data and SEM images revealed a higher cell viability and a similar cells attachment
and spreading on PAA coated titanium and TiAlV compared to TCP.
\

Cortecchia et al. [17] deposited poly-e-caprolactone (PCL)-Ti02 hybrid or carboxyterminated polydimethyl siloxane (PDMS)-Ti02 hybrid coatings on titanium alloys by a
sol-gel process and proved a high biocompatibility by testing cytotoxicity conducted
using vascular wall resident-mesenchymal stem cells(VW-MSCs).

Among the techniques for creating bioactive ceramic, polymer and ceramic-polymer
hybrid coatings, plasma spray process [21, 22], physical and chemical deposition process
[23-25], oxidization process, sol-gel process [26], electrochemical polymerization
process[20] are the most commonly utilize. Although these techniques have a lot of
advantages, such as forming chemical bonding (covalent or non-covalent) between
organic and inorganic components of the hybrid coatings [17], forming controllable
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porous surface structure, good adhesion to a variety of different types of substrates [27],
etc. However, most of these techniques are expensive, time consuming and complex.

To overcome the problems of current coating techniques mentioned above, Mozumder et
al. [28] successfully used a simple and inexpensive ultrafine electrostatic powder coating
technology [29, 30] to provide a nano-TiC>2 enriched polymeric powder coating on
titanium and investigated human embryonic palatal mesenchymal (HEPM) cells
attachment, proliferation and differentiation. Previous study (Chapter 3) has also
demonstrated that the ultrafine electrostatic powder coating technique could create
bioactive agent (mineral trioxide aggregates, MTA) enriched white avalanche polyester
powder coating (PPC) surfaces that possess regular nano-topographies and nano
roughness.

The purpose of this study is to explore the biocompatibility of PPC and MTA enriched
PPC surface using HEPM cells. HEPM cells were initially obtained from the secondary
palatal mesenchyme of a human fetus toward the end of the embryonic phase of
development (day 50 to 60 of gestation) close to the time of palatal shelf closure [31]. As
a kind of mesenchymal cells, HEPM cells are multi-potent and have the ability to
differentiate into osteoblast cells (bone cells), chondrocytes (cartilage cells), etc. They
have been used in evaluating bone-related matrix formation' and osteoblastic
differentiation on titanium surfaces [32].

4.2 Materials and Methods
4.2.1 Preparation of biomaterial surfaces
After coating PPC, GMPPC and WMPPC onto the pure titanium substrate, Ti, PPC,
GMPPC, WMPPC were rinsed with PBS and ethanol for 3 times on both sides and
exposed under UV light for 20 minutes on both side to ensure sterility. Then discs were
placed in a 24-well tissue culture plate (Invitrogen GIBCO®, Carlsbad, CA, USA) (one
disc per well), immersed in 1ml Dulbecco’s Modified Eagle Medium (DMEM, Invitrogen

49

GIBCO®, Carlsbad, CA, USA) and incubated under a 37°C, 5% CO2 for 24 hours. Then
all the surfaces were ready for cell culture.

4.2.2 Cell culture

The human embryonic palatal mesenchymal (HEPM) cells (HEPM, ATCC CRL-1486)
were thawed and cultured in Petri dishes (Invitrogen GIBCO®, Carlsbad, CA, USA) in
DMEM supplemented with 10% fetal bovine serum (FBS), 2mM L-glutamine, 100 U/ml
penicillin, lOOpg/ml streptomycin sulfate and 0.25 pg/ml amphotericin under 37°C, 5%
CO2. HEPM cells were incubated until becoming confluent (3 to 4 days). The cells were
then plated on different surfaces for biocompatibility tests.

4.2.3 Scanning electron microscopy
Attachment and proliferation of HEPM cells on each surface were observed by Scanning
Electron Microscopy. After cell culture, confluent HEPM cells were plated onto
pretreated cp-Ti, PPC, GMPPC and WMPPC surfaces (50,000 cells/disc) in 24-well
tissue culture plates (one disc per well). After 24 and 72 hours, cell culture medium in
each well was taken away and each surfaces was washed by PBS for three times. Then
the cells were fixed with glutaraldehyde (2.5%) in cacodylate buffet (lOOmM) for 20
minutes and dehydrated in 25%, 50%, 75%, 95% and 100% ascending grades of ethanol.
After being dried in air, each surface was mounted on aluminum stubs and sputtered with
gold (20 nm). Cells on the surfaces were examined by SEM with a working voltage of 25
kV, beam current of 55 mA and working distance of 5mm.

4.2.4 Cell viability
To visualize cell viability, cell counting assay was carried out. Specifically, confluent
HEPM cells were plated onto cp-Ti, PPC, GMPPC, WMPPC (50,000 cells/disc) in a 24well tissue culture plate (one disc per well). After 24 and 72 hours, culture medium in
each well was taken away and three replicates for each kind of surface were transferred to
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another 24-well tissue culture plate. After rinsing with PBS for 2 times, 300 pL trypsin
was added to each well and the 24-well tissue culture plate was incubated under sterile
37°C, 5% CO2 for 5 minutes. Cells were then collected in a hemocytometer (Invitrogen
GIBCO®, Carlsbad, CA, USA) and counted under a light microscope.

4.2.5 Cell metabolic activity

To measure HEPM cells metabolic activity, the MTT assay was carried out. MTT assay is
based

on

the

conversion

of

yellow

MTT

(3-(4,5-dimethylthiazolyl-2)-2,5-

diphenyltetrazolium bromide, Sigma-Aldrich, St louis, MO, USA) to purple formazan in
the mitochondria of living cells [33]. Specifically, after 24 and 72 hours, HEPM cells on
cp-Ti, PPC, GMPPC and WMPPC surfaces were collected according to the same protocol
used for cell counting assay. Then these cells were seeded into a 48-well tissue culture
plate (one disc per well). After 24 hours and 72 hours, MTT solution at a concentration of
0.5 mg/ml in PBS was added to each well and the culture plate was then incubated at
37°C for 1 hour in the dark. 200pl of MTT solubilizing solution (acidisopropanol) was
added to each well and the mixed solutions was transferred into a 96 well tissue culture
plate. The optical density was read spectrophotometrically at a wavelength of 570 nm
using Safire Multi-Detection Microplate Reader (Tecan, South San Francisco, CA, USA).
\
4.2.6 Inverted fluorescence microscopy
Inverted fluorescence microscopy was used for the visualization of the HEPM cells
(50,000 cells/disc) structure when they grow and proliferate on cp-Ti, PPC, GMPPC and
WMPPC surfaces in 24-well tissue culture plates for 72 hours and 7 days. In brief, cells
that were attached to these surfaces were fixed in PBS with 4 % (w/v) paraformaldehyde
(PFA) for 10 minutes, rinsed with PBS for 3 times at 4°C and permeabalized with 0.1%
(w/v) Triton X-100 in PBS for 5 minutes. Then, to block the cells, the surfaces were
rinsed with PBS for 3 times and with PBS containing 3.0% (w/v) bovine serum albumin
(BSA) for 1 time and incubated with PBS with 3.0% (w/v) BSA for 30 minutes at RT.
The actin filaments in the cytoskeleton were labeled with rhodamine phalloidin
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(Cytoskeleton, Denver, CO, USA) for 2 hours at room temperature. All the surfaces were
then mounted using Vectashield with DAPI (Vector Laboratories, Builingame, CA, USA)
and examined by an inverted fluorescence microscopy (Axiovert 40 CFL, Carl Zeiss
Canada Ltd., Toronto, Canada) [34]

4.2.7 Alizarin red S staining

Cells were plated onto each surface (50,000 cells/disc) in 24-well tissue culture plates
(one disc per well) as described above. Then cells on three replicates of each kind of
surfaces grew in culture medium. Cells on another three replicates of each kind of surface
grew in differentiation medium. All the mediums were changed every three days. After 7
days and 28 days, medium in each well was taken. For cells’ fixation, all the surfaces
were rinsed with PBS and fixed in PBS with 1.0 % (w/v) formalin for 10 minutes and
rinsed with nanopure water for 2 times. Then cells were stained with 2% alizarin red S
(AR-S) for 10 minutes and then washed by nanopure water for several times to remove
the remaining stain. The stained cells were observed under a light microscopy (SMZ
1500, Nikon Instruments Inc, Melville, NY, USA) [35].

4.2.8 Statistical analysis
All experiments were conducted at least 3 times. For cell counting and MTT assay, data
are expressed as mean ± SD. Then the data was performed by a two-way analysis of
variance (ANOVA) with Bonferroni post-hoc test to a significance level ofp < 0.05.

4.3 Results
4.3.1 Morphology of HEPM cells on different surfaces
The morphology of HEPM cells attached onto cp-titanium, PPC, GMPPC, WMPPC
surfaces was evaluated using SEM. The graphs in Figure 4.1 showed that after 24 hour
culture (50,000 cells/well) HEPM cells attached and spread out well on all of the surfaces.
Lower magnification graphs (lOOx) revealed the elongated and star-shaped cells on all of
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the surfaces and a higher number of cells on GMPPC and WMPPC surfaces, compared to
pure titanium and PPC surfaces. Higher magnification graphs (500x) showed that cells
anchored tightly on all of the surfaces and exhibited a fibroblast-like morphology,
indicating that cells had finished attachment and were in the process of spreading.

4.3.2 Cell viability and metabolic activity
HEPM cell proliferation was assessed by methods of cell counting and MTT assay. The
cell counting provided the most direct evidence of cell proliferation (Figure 4.2) [36].
After 24 hours, a great number of cells was observed to attach on all of the surfaces and
although the differences appeared to be not significant among different surfaces (p>0.05).
After 72 hours, an increase in cell viability was observed on GMPPC and WMPPC
surfaces than on PPC and cp-Ti, although the differences may not be considered
significant due to limited number of tests (p>0.05). These demonstrated that PPC,
WMPPC and GMPPC surfaces supported HEPM cells attachment and proliferation as
well as pure titanium MTT assay also showed a parallel result with cell counting assay
(Figure 4.3). After 24 hours, the metabolic activity of HEPM cells on different surfaces
didn’t show a significant difference (p>0.05). After 72 hours, the metabolic activity of
HEPM cells on GMPPC and WMPCC surfaces increased more than on cp-Ti and PPC
surfaces. But again, the differences were not significant due to the limited number of tests
(p>0.05).
4.3.3 Cell cytoskeleton organization and proliferation on different surfaces
The HEPM cells’ cytoskeleton organization and proliferation after 72 hours and 7 days on
cp-Ti, PPC, GMPPC, WMPPC were observed by inverted fluorescence microscopy and
shown in Figure 4.4 and Figure 4.5. Fixed cells were stained for actin (red) and nuclei
(blue). After 72 hours (Figure 4.4) of growth, the numbers of nuclei on PPC, GMPPC and
WMPPC were similar to that on cp-Ti. Especially, actins on GMPPC and WMPPC
formed overlaps for stretching out. After 7 days (Figure 4.5), HEPM cells on PPC,
GMPPC and WMPPC spread out and formed more intense actin filaments than those on
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cp-Ti. This demonstrated that PPC, GMPPC and WMPPC surfaces supported HEPM
cells attachment and proliferation the same as or even better than cp-Ti.

4.3.4 Alizarin red S staining
HEPM cells’ osteogenic differentiation was evaluated by the formation of extracellular
calcium deposits through Alizarin Red staining on all the surfaces after 4 week culture in
DMEM regular medium and differentiation medium (Figure 4.6a and Figure 4.6b). From
the results of Figure 4.6a, in the absence of supplemental organophosphate to induce
mineralization, HEPM cells on PPC and GMPPC had very few phenotype, suggesting
that the preosteoblast mesenchymal cells had yet to differentiate to a mineralized
phenotype on all of the surfaces, although some mineralization could be noted on cp-Ti
and WMPPC. Comparatively, with the treatment of P-glycerophosphate and ascorbate in
differentiation medium, from Figure 4.6b, a much more intense pattern of mineral was
noted on all of the surfaces, suggesting that the HEPM cells had the ability to differentiate
into osteoblast and express a mineralized phenotype and PPC, GMPPC and WMPPC
surfaces could promote HEPM cells’ osteogenic differentiation very well.

\
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Figure 4.1 SEM micrographs o f the HEPM cells on different surfaces after 24 hours
culture: (a) pure Titanium (lOOx); (A) pure Titanium (500x) (b) PPC (lOOx) (B) PPC
(500x); (c) GMPPC (lOOx); (C) GMPPC (500x); (d) WMPPC (lOOx) (D) WMPPC (500x)
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Figure 4.2 HEPM cells proliferation on different surfaces measured by cell counting
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Figure 4.3 HEPM cells proliferation on different surfaces measured by cell counting
assay
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Figure 4.4 HEPM cells were seeded onto (a) cp-Ti, (b) PPC, (c) GMPPC, and (d)
WMPPC, and grown for 72 hours. Inverted fluorescence microscopy revealed cell nuclei
(blue) and actin filaments (red), and showed cell attachment and spreading on all of the
surfaces. All of the attached cells were examined at the same lOx magnification
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Figure 4.5 HEPM cells were seeded onto (a) cp-Ti (a), (b) PPC, (c) GMPPC and (d)
WMPPC and grown for 7 days. Inverted fluorescence microscopy revealed cell nuclei
(blue) and actin filaments (red), and showed cell attachment and spreading on all of the
surfaces. All of the attached cells were examined at the same lOx magnification
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4.4 Discussion
This study have demonstrated that the PPC and MTA enriched PPC coatings could
support not only HEPM cells attachment, growth and proliferation, but also
mineralization.

Specifically, we found that GMPPC and WMPPC surfaces favored HEPM cell
attachment to the same extent of and in some cases better than cp-Ti. SEM showed a
higher number of cells on GMPPC and WMPCC surfaces after 24 hour attaching. Under
500x magnification we observed elongated cells with tight anchors and protrusions on all
of the surfaces, which means after a good attachment, HEPM cells were in the process of
stretching out (Figure 4.1). Cell counting (Figure 4. 2) showed the numbers of cells after
24 hour culture were slightly higher than on cp-Ti and PPC surfaces.

This study also demonstrated that PPC, GMPPC and WMPPC surfaces supported HEPM
cells proliferation very efficiently. Inverted fluorescence microscopy (Figure 4.4 and
Figure 4.5) showed that the cells had formed focal contacts and organized actin filaments
within their cytoskeletons after 72 hours and a relatively equal number of nuclei on PPC,
GMPPC, WMPPC and cp-Ti. After 7 days, cells on PCC, GMPPC and WMPPC surfaces
showed larger size, more stretching out shapes and more intense actin filaments, which
exhibiting a better capability for cells growth and proliferation than cp-Ti. Cells counting
and MTT assay after 72 hours also proved a similar result to IFM. After 72 hour culture,
the number of cells and the metabolic activity on GMPPC and WMPPC surfaces are
higher than on cp-Ti and PPC although the differences were not statistically significant
due to the limited number of tests.
To continue our analysis, we explored HEPM cells mineralization on cp-Ti, PPC,
GMPPC and WMPPC after 4 weeks of culture by differentiation medium and then
stained by Alizarin Red S method. The results showed that HEPM cells on all the surfaces
demonstrated the ability to differentiate from a preosteoblast cell to an osteoblast over a
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4-week culture in differentiation medium since the initiation of mineralization were
detected on all o f the surfaces.

Figure 4.6a Alizarin red S staining for HEPM cells after 4 weeks treatment without
differentiation medium on different surfaces: (a) cp-Ti, (b) PPC, (c) GMPPC, and (d)
WMPPC (all of above surfaces were treated by DMEM regular medium and taken images
by in a low magnification (0.5x)); (A) cp-Ti, (B) PPC, (C) GMPPC, and (D) WMPPC (all
of above surfaces were treated by differentiation medium and taken images in a high
magnification (5x))
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Figure 4.6b Alizarin red S staining for HEPM cells after 4 weeks treatment with and
without differentiation medium on different surfaces: (a) cp-Ti, (b) PPC, (c) GMPPC, and
(d) WMPPC (all of above surfaces were treated by differentiation medium and taken
images by in a low magnification (0.5x)); (A) cp-Ti, (B) PPC, (C) GMPPC, and (D)
WMPPC (all of above surfaces were treated by differentiation medium and taken images
in a high magnification (5x))
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The biocompatibility of PPC, GMPPC and WMPPC surfaces may be attributed to the
coatings’ nanometer morphology and the biocompatibility of GMTA and WMTA as well
as the enriched TiC>2. According to the performance of PPC, GMPPC and WMPPC
surfaces in supporting HEPM cell attachment, proliferation and differentiation, we could
further expect to apply other biocompatible or bioactive composite as coatings using
polymers as carrier by the ultrafine powder coating technology. Meanwhile some future
work still needs to be done for a deeper investigation of these composite coatings. First,
the mechanical properties of PPC, WMPPC and GMPPC coated titanium and the bond
strength of PPC, GMPPC and WMPPC coatings to titanium substrate still need to be
further quantified. Moreover, to further study the potential of GMPPC and WMPPC’s
application for bone or dental implant, in vivo studies need to be looked into. In addition,
different concentration of MTA and flow additives as well as total different coating
formulations could be explored in the future.

4.5 Conclusions
•

The novel electrostatic ultrafine powder coating technique successfully created
highly biocompatible MTA enriched white avalanche polyester powder coatings
on pure titanium that support HEPM cell attachment, growth and differentiation.

•

The novel electrostatic ultrafine powder coating technique has been demonstrated
to be a good candidate in orthopedic and dental applications.
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CHAPTER 5. The Effects of Humidity and Different Additives
on the Flowability of Glass Ionomer Cements
Glass ionomer cements are widely used in dentistry as bulk restorative materials.
Recently it has been shown that GIC powders can penetrate deeply into and occlude
dentinal tubules by electrostatic powder coating technique. Through this technique,
modified GIC powders are sprayed onto prepared dentine surfaces by corona gun or tribo
gun. Since the flowability of these GICs will significantly influence the spraying process,
it is critical to maintain good flow property for clinical application of this technique.
Because of the ultrafine particle size (l-20pm), GIC powders are readily to aggregate to
form agglomerates. Meanwhile, GIC powders are designed as aqueous cements which are
readily to absorb water and cross link together when exposed to a moist environment.
Both characteristics point to a poor flowability of GIC powders. Therefore, the objective
of this study was to evaluate the effect of water-sorption on the flowability of GIC
powders (GC Fuji I® and Ketac-Cem®) and how to improve their flowability by blending
with 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt% and 5.0 wt% of different nano flow
additives (nano-Al2C>3, nano-Si02 and nano-Ti02). The water absorption experiments
showed that Fuji I® took up 2.43 wt% of water and became saturated after 10 hours.
Ketac-Cem® took up 7.37 wt% of water and became saturated after f9 hours. Angle of
repose (AOR) and avalanche angle (AVA) measurements of water saturated powders
demonstrated an obvious negative influence of water absorption on the flowability of both
powders. Scanning electron microscopy (SEM) showed that all the nanoscaled flow
additives could homogeneously coat on the surfaces of dry or wet powders. Particle size
distribution test showed that flow additives didn’t significantly change the mean particle
size distribution. The measurement of angle of repose and avalanche angle measurement
of modified GIC powders demonstrated that the flowability could be dramatically
improved by nano A 12C>3 and nano-Si02. The optimal concentrations were 3.0 wt% and
4.0 wt%, respectively. Meanwhile, 3.0 wt% of nano A12C>3 has been discovered to be
effective at improving saturated Fuji I ®and Ketac-Cem® powders.
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5.1 Introduction
Glass ionomer cements (GICs) were developed by Wilson and McLean at the Laboratory
of the Government Chemist in England in 1965 [1], They were an addition to the family
of water-based dental cements, comprising silicate cement, zinc phosphate cement and
zinc and polycarboxylate cements. GICs are clinically attractive for certain unique
properties so as to make them useful as restorative and luting materials in dentistry.
Especially, GICs have been used as bulk restorative materials due to their thermal
compatibility, the release of fluoride ions over an extended time and the biocompatibility,
etc [2], The top and cross-section view of dentine tubules before and after being occluded
by GIC slurries are shown in Figure 5.1, as obtained from earlier studies of our group.

Figure 5.1 Top view (a, c) and cross-section view (b,d) of exposed dentine tubules before
(a,b) and after (c,d) being occluded by GIC slurries.
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GIC powders are usually applied onto exposed dentine surfaces as aqueous slurries in
clinic. However, their dentine tubules penetration depth was only around 50 pm. The
deepest occlusion depth reported so far is 270 pm[3], Such a shallow penetration made
the GIC cements easily brushed off and led to a re-exposure of dentine tubules. This is
one of the biggest problems for GIC utilization in a long term.

Most recently, Mozumder et. al (to be submitted) indicated a depth of 1mm in dentine
tubule when GIC were used in powder form and sprayed onto ortho-phosphoric
acid/polyacid or water pretreated bovine dentine surfaces by an electrostatic powder
coating technique. However, according to one of the most recognized powder
classification systems, Geldart Powder Classification [4] (Fig 5.2 ), powders are divided
into four groups based upon the particle size and density based on particle sizes. GIC
powders with a particle size within 1 to 20 pm belong to Group C powders, which are
considered to be very cohesive and very difficult to fluidize, due to a predominant inter
particle forces, the van der Waals force [5]. Moreover, since GIC powders are designed as
aqueous cements, they are hydroscopic and react with water to form cross linked
agglomerates from a moist environment [6]. Both the ultrafine particle sizes and the
hydroscopicity of GIC powders would lead to a poor flowability. However, good
flowability is a prerequisite for the powders utilization by electrostatic powder coating
technique [7]. Therefore, improving the flowability of GIC powders become a key point.

Many techniques have been studied to promote the flowability of Group C powders, such
as acoustic vibration [8], mechanical stirring [9], magnetic and electrical field disturbance
[10], gas adsorption [11]. However, the effectiveness of all of the above techniques tends
to diminish as the particle size becomes smaller, especially for GIC powders with the
mean particle size under 20 pm since they are even smaller than regular Group C
powders.
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Figure 5.2 Geldart’s powder classification

Most recently, a novel technique [12] have been developed by the UWO particle
technology group to effectively and significantly enhance the flowability of Group C
powders. This technique works by mixing Group C powders with a small percentage of
nano-sized flow additives. In this system the much smaller nano-additives act like spacers
to separate the ultrafine particles. As a result, the most influential inter-particle force, the
Van der Waals force, can be significantly reduced [13]. The mechanism bf this process is
depicted in Figure 5.3. The objectives of this study were: (1) to study the water absorption
ability and the effects of environmental humidity on the flow properties of GIC powders,
(2) to investigate the effects of different flow additives on the flowability and optimize
their respective concentrations for maximum flowability, (3) to investigate the effect of
flow additives on water saturated GIC powders.
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Ultrafine particles
adhere to each other

Figure 5.3 Mechanism of increasing separation distance between Group C particles by
introducing nano-sized flow additives

5.2 Materials and Methods
Powders used for the investigation were two base powders, GC Fuji I® Glass Ionomer
Luting Cement (GC America Inc., Alsip, Illinois, USA) and Ketac-Cem® radiopaque (3M
ESPE, St. Paul, MN, USA). Nano-sized AI2O3 (Degussa, USA), nano-sized SiC>2
(Degussa, USA) and nano-sized TiC>2 (Degussa, USA) were used as flow additives. To
investigate the effects of humidity in the environment and different flow additives on the
flow properties of GC Fuji I® and Ketac-Cem® powders and to determine the optimal
percentage of flow additives, the following techniques and equipment setups were used in
this work.

5.2.1 Exposure to moisture

To investigate the effects of moisture exposure, GIC powders were exposed to a moist
environment with the humidity above 90% at room temperature for 48 hours. To achieve
such a moist environment, a sealed box was half filled with saturated sodium chloride
solution. The GIC powder was put in a flat plate on a shelf in the sealed box and a
hygrometer was put next to the GIC powder plate on the shelf. The GIC powder was
evenly tiled in the plate to make sure that it can absorb water easily. Moisture absorption
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was measured by weight gain. The equipment setups for moisture exposure is shown in
Figure 5.4

Figure 5.4 The equipment setups for moisture exposure of GIC powders

5.2.2 Particle size distribution

The particle size distributions of GC Fuji I® and Ketac-Cem® powders were obtained by
laser diffraction measurement (Mastersizer 2000, Malvern Instruments, Worcestershire,
UK) following the standard test procedures. The results were reported by giving the
values of Dio, D 50, D90. Di0, D50, D90 stands for powder particle distribution. For example,
Dio is defined as a diameter where 10 volume percent of the particles are less or equal to
this diameter. D ]0, D90 are the commonly used parameters to determine the amount of fine
and coarse particles, and D50 represents the median particle size of the powder samples.

5.2.3 Blending GIC powders with flow additives

To improve GIC flow properties, 0.5 wt% , 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt% and 5.0
wt% nano-Al20 3, nano-Si02, and nano-Ti02 were added to GC Fuji I® and Ketac-Cem®
powders through a high shear mixer. Then, to homogenously blend the nano-sized flow
additives into the GIC powders, the mixtures were further mixed by passing through a
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sieve of 45 pm pore size using a vibrating screening machine (Vorti-Siv/MM Industries
Inc. Salem, OH, USA). The procedure is shown in Figure 5.5.

Mixing and
Sieving

High shear mixer

Vibrating screening machine

Figure 5.5 The procedure of blending flow additives with GIC powders

5.2.4 Dry storage of GIC powders
\
Based on the hydroscopic nature of GIC powders, they may absorb water up to 5.0 wt%
under a moist environment [7], which may result in initiating reaction of GIC to form
cross linked agglomerates before its application in clinic. In order to keep GC Fuji I® and
Ketac-Cem® powders dry, they were stored in Fisher Isotemp® Vacuum Oven (Model
281, Fisher Scientific, NJ, USA) until flowability were measured.

5.2.5 Measurement of flowability
Flow properties were evaluated using a combination of angle of repose (AOR) and
avalanche angle (AVA). AOR represents the static flowability of powders and AVA
represents the dynamic flowability of powders. Previous studies found that results from
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static and dynamic characterizations do not necessarily agree since powders flowability is
dependent upon the stress state and that no single technique is suitable for the full
characterization of a powder. Therefore, both static and dynamic flowability need to be
measured to completely understand the flow properties of a powder and to predict the
powder flow behaviour under different process conditions [14,15].

a. Angle of Repose (AOR)
AOR for each powder was measured using a powder characteristic tester (PT-N Powder
Characteristic Tester, Hosokawa Micron Powder Systems Co., Summit, NJ, USA)
following standardized testing procedure [16, 17]. The basic arrangement of Hosokawa
AOR apparatus is shown in Figure 5.6(a). Specifically, to measure the AOR, the powder
sample was slowly dispensed through a funnel onto a circular flat plate to form a pile.
The AOR was then taken as the angle between the surface of the pile and the flat surface.
Six AOR measurements were completed for each sample and the average is provided. A
lower AOR value indicates increased powder flowability. AOR represents the static
powder flowability.

b. Avalanche Angle (AVA)
AVA was measured using a rotating drum (Revolution Powder Analyzer, Mercury
Scientific Inc., Sandy Hook, CT, USA). In this test, a tapped volume of 120 ml of powder
was measured by freely filling a metal cup that was gently tapped until no more powder
could fit in. Any excess powder above the rim of the measuring cup was scraped off using
a sharp knife. The powders were then placed into an 11.0 cm diameter, 3.5 cm wide
cylindrical drum with transparent glass sides. The drum was rotated at 0.6 rpm and a
digital camera connected to a computer was used to monitor the flow behaviour of the
powder inside. Flowing the rotation of the drum, the powder would be carried upwards
along one side of the drum until it could no longer support its weight, causing it to
collapse or avalanche. During the rotation process, a computer with manufacturer
supplied software was used to monitor the angle of the powder surface and record the
maximum angle that would occur before an avalanche. The drum was continuously
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rotated until 200 avalanches occurred and the average avalanche angle is provided [14]. A
schematic of the avalanche angle measurement are shown in Figure 5.6b.

Powders loading
through a funnel

Figure 5.6 (a) Angle of repose measurement, (b) Avalanche angle measurement

5.2.6 Scanning electron microscopy
GIC powders were applied to a carbon tape that was affixed to a metal stub. The mounted
samples were then sputtered with gold and images were taken using the Hitachi S-2600N
(Hitachi, Pleasanton, CA, USA) scanning electron microscope (SEM).

5.3 Results
5.3.1 Exposure to moisture

It is generally believed that low humidity is required to maintain the flow properties of
powders[18]. With high hydroscopicity, GIC powders quite readily absorb water in the
surrounding environment so as to decrease their flowability. The water absorption results
after exposing to the moisture environment for 48 hours are shown in Figure 5.7 (In
Figure 5.7, we only showed water absorption result for 23 hours since both Fuji I ® and
Ketac-cem ®powders become saturated after 20 hours)
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After 10 hours, Fuji I ® became water saturated and its final water absorption ratio was
2.43 wt%. After 19 hours, Ketac-Cem® became water saturated with a final water
absorption ratio of 7.37 wt%. The result demonstrated that both Fuji I®I and Ketac-cem®
powders were hydroscopic and Ketac-ceirr powders were more readily to absorb water
than Fuji I®.

♦

Fuji I®

Figure 5.7 Water absorption test for Fuji I® and Ketac cem® powders

5.3.1 Particle size distribution

The particle size distribution of dry Fuji I® and Ketac-Cem® powders were measured
before and after the flow-modification with 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0
wt% and 5.0 wt% nano-Al20 3 , nano-Si02 or nano-Ti02 flow additives and the results
were shown in Figure 5.8a, Figure 5.8b and Table 5.1. The median particle sizes (D50) of
unmodified Fuji I® and Ketac-Cem® powders were 4.143 pm and 3.824 pm. According to
Geldart’s powder classification [5], both the Fuji I® and Ketac-Cem® powders were
categorized as Group C powders (very cohesive) since their D50s were smaller than 20-25
pm. Actually, Fuji I® and Ketac-Cem® powders were more cohesive and harder to handle
than most Group C powders since there particle sizes were much smaller than 20-25 pm.
Meanwhile, from Table 5. 1, compared to untreated Fuji I® and Ketac-Cem®, small
amount of, up to 5 wt%, extra nano-additives didn’t significantly change the particle size
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distribution of both Fuji I® and Ketac-Cem® powders. Further examining the Di0, D50 and
D90 data revealed that the measured particle size for the original powders are larger,
possibly due to agglomeration.

5.3.3 The effect of humidity on powder flowability - AOR, AVA, SEM

a. AOR
The AOR of both Fuji I® and Ketac-Cem® powders before and after moist exposure and
are shown in Table 5.2. The results showed that water-saturated Fuji I® exhibited an angle
of repose of 55.1°, which is 4.2° higher than dry Fuji I® powders. Similarly, watersaturated Ketac cem® exhibited an angle of repose of 53.5°, which is 3.1° higher than dry
Ketac-cem® powders. These demonstrated that water absorption decreased Fuji I® and
Ketac-cem® powders flowability.

b. AVA
The AVAs of both Fuji I® and Ketac-Cem® powders were characterized as another
criterion for powder flow property.

The AVA of both Fuji I® and Ketac-Cem® powders before and after moist exposure for
treated and untreated with 3 wt% nano-Al203 are shown in Figuré 5.11. The result
showed that water-saturated Fuji I® exhibited an avalanche angle of 75.5 °, which is 7.2°
higher than dry Fuji I® powders. Similarly, water-saturated Ketac-cem® exhibited an
avalanche angle of 64.8°, which is 4.5° higher than dry Ketac-cem® powders. These
demonstrated that water absorption can negatively influence the flowability of Fuji I® and
Ketac-cem® powders.
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Table 5.1 Particle size distribution of GC Fuji I® and Ketac-Cem® powders before and
after being coated with different concentrations of different flow additives
GC Fuji I® powders
D io

D50

D90

D io

D50

D90

(pm)

(pm)

(pm)

(pm)

(pm)

(pm)

1.305

4.143

15.064

1.250

3.824

12.653

0.5%

1.235

3.670

10.338

1.112

3.236

9.969

1.0%

1.289

3.613

10.899

1.105

3.132

9.381

2.0%

1.364

4.019

10.487

1.007

3.009

9.791

3.0%

1.273

3.928

10.612

1.213

3.573

10.063

4.0%

1.102

4.124

10.769

1.0981

3.112

9.332

5.0%

1.294

3.869

10.473

0.919

3.103

9.014

0.5%

1.141

3.382

10.705

1.109

3.226

9.949

1.0%

1.282

3.919

10.908

1.001

3.198

9.312

2.0%

1.186

4.013

11.351

1.119

3.293

10.129

3.0%

1.208

3.791

10.732

0.972

3.202

9.710

4.0%

1.301

3.975

10.812

1.113

3.019

10.033

5.0%

1.294

3.095

10.683

1.071

9.012

0.5%

0.933

3.170

10.391

1.119

2.999
\
3.367

1.0%

1.142

4.081

11.073

1.108

3.391

10.321

2.0%

0.991

3.591

10.945

1.013

2.901

9.906

3.0%

1.097

3.997

11.001

0.991

3.412

11.012

4.0%

1.059

4.012

11.372

1.142

3.091

9.065

5.0%

0.962

3.197

10.585

1.029

3.810

9.710

Samples
0% nano
additives

Nano
a i 2o 3

(wt%)

Nano
SÌO2
(wt%)

Nano
T i02
(wt%)

Ketac-Cem® powders

9.743
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Table 5.2 Humidity effects on flowability of GIC powders
Sam ples

A O R (°)

AVA (°)

Dry

Water Saturated

Dry

Water Saturated

Fuji I®

50.9± 1.0

55.1±0.9

68.3±4.1

75.5±2.53

Ketac-Cem®

5 0 .4 ± 2 .1

53.5±0.8

60.3±3.0

64.8±1.43

c. Scanning Electron Microscopy
To compare the morphology of Fuji I® and Ketac-Cem® powders before and after
exposing in the moist environment, scanning electron microscopy was used to observe
Figure 5.9a showed the Fuji I® powders before (Figure 5.9 a (a), (A)) and after (Figure
5.9 a (b), (B)) water absorption. Figure 5.9b showed the Ketac-Cem® powders before
(Figure 5.9 b (a), (A)) and after (Figure 5.9 b (b), (B)) water absorption. Obvious
agglomerates were formed by small particles through hydrolysis while absorbing water
and such reactions were irreversible.

5.3.4 The effect of different flow additives on powder flowability - AOR, AVA, SEM
To measure the flow additives effects on the flowability of GIC powders while excluding
the influence of water absorption, Fuji I® and Ketac-Cem® powders were kept dry in the
vacuum oven until flowability were measured.

a.AOR
The AOR of both dry Fuji I® and Ketac-Cem® powders blended and unblended with 0.5
wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt% and 5.0 wt% of nano-A^Os, nano-Si02, and
nano-Ti02 flow additives were characterized and the results are summarized in Figure 5.
10a and Figure 5.10b. The AOR of unmodified Fuji I® and Ketac-Cem® powders were
found to be 52.6 0 and 50.6 °, respectively, which were specified as high cohesiveness
[115]. After being coated with nano-A^Oa and nano-Si02 flow additives, the AORs of
both Fuji I®and Ketac-Cem® powders were decreased, which indicated the effectiveness
of nano-Al203, nano-Si02 to increased GIC powder flowability. The results also showed
that among the three tested flow additives, nano-Si02 works most effectively. The AOR
of Fuji I® and Ketac-Cem® powders reached 41.2 0 and 43.0 0 when the amount of nano-
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SiC>2 was 4.0 wt%, as the optimal working concentration o f nano-SiC>2 in enhancing the
flowability of Fuji I® and Ketac-Cem® powders. Nano-A^Cb also improved Fuji I® and
Ketac-Cem® powders flowability and reached a highest effective concentration at 3.0
wt%. Compared to nano-SiC>2 and nano-A^Cb, nano-TiC>2 showed an initial positive
effect on flowability o f Fuji I® and Ketac-Cem® powders and the AOR increased with
increasing amount o f additives after 1.0 wt%.

Figure 5.9a SEM o f Fuji I® powders before (a, A) and after (b,B) water absorption, ((a):
Scale bar=50 pm, (A) Scale bar = 10 pm, (b) Scale bar=50 pm, (B) Scale bar = 20 pm)
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Figure 5.9b SEM of Ketac-Cem “ powders before (a, A) and after (b, B) water absorption,
((a): Scale bar=50 pm, (A) Scale bar = 10 pm, (b) Scale bar=50 pm, (B) Scale bar = 20
pm )

AOR (o)

-H r- nAl20 3

Figure 5.10a AOR of GC Fuji I®powders before and after being coated with nano-Al20 3 ,
nano-Si02 and nano-Ti02 at 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt% and 5.0 wt%
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Figure 5.10b AOR of Ketac-Cem® powders before and after being coated with nanoAI2 O 3 , nano-SiC>2 and nano-Ti02 at 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt% and
5.0 wt%
b. Avalanche angle
The AVAs of both dry Fuji I® and Ketac-Cem® powders are summarized in Figure 5.11a
and Figure 5.11b. The AVA of original Fuji I® and Ketac-Cem® powders were found to
be 6 5 .1 0 and 60.2°, respectively, which demonstrated a very high cohesiveness. Similar
to the AORs, the AVAs of Fuji I® and Ketac-Cem® powders were dramatically decreased
with an increased concentration of nano-Al20 3 and nano-Si02. Among the three tested
flow additives, nano-SiC>2 works most effectively. The AOR of Fuji I® and Ketac-Cem®
powders reached 48.5° and 45.6° when the amount of nano-Si02 was 4.0 wt%, the
optimal working concentration of nano-Si02. Nano-Al20 3 could also improve Fuji I® and
Ketac-Cem® powder flowability and reached an optimal concentration at 3.0 wt%.
Similar to AOR, nano-Ti02 showed an initial positive effect on the flowability of Fuji I®
and Ketac-Cem® powders, but the AVA increased with increasing amount of additives
after 1.0 wt%.
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nAl20 3
nSi02

Flow additives percentage (wt%)
Figure 5.1 la AVA of GC Fuji I® powders before and after being coated with nano-A^Cb,
nano-Si02 and nano-Ti02 at 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt% and 5.0 wt%

♦

nAl20 3
.. m .. nSi02

Flow additives percentage (wt%)
Figure 5.1 lb AVA of K etac-Cen/ powders before and after being coated with nanoA120 3, nano-Si02 and nano-Ti02 at 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0 wt% and
5.0 wt%
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c. Scanning electron microscope
To compare the morphology o f dry Fuji I® and Ketac-Cem® powders before and after
being coated with nano-sized flow additives, the dry Fuji I® and Ketac-Cem® powders
before and after being coated with 3 wt% nano-Al20 3 were visualized by SEM. Figure
5.12a showed the uncoated (Figure 5.12a (a), (A)) and coated (Figure 5.12a (b), (B)) Fuji

I® powders. Due to the micron particle size (D5o=4.413pm), Fuji I® powders were readily
to aggregate together and form agglomerates in different sizes and shapes. Under the
magnification o f 5000x (Figure 5.12a (A)), it is very evident that small particles massed
together and attached onto the big particles to form a vast bulk. This kind of bulk was
very hard to handle and flow. After modified by 3 wt% of nano-Al20 3, the Fuji I®powder
particles had a much better dispersibility. Under the magnification of 2500x (Figure 5.12a
(B)), it is obvious that a big particle was coated with a thin layer of nano-sized particles,
which separated Fuji I® particles from sticking to each other. Figure 5.12b showed the
uncoated (Figure 5.12b (a), (A)) and coated (Figure 5.12b (b), (B)) Ketac-Cem® powders.
The agglomerates o f Ketac-Cem® particles were broken up after being coated with 3 wt%
o f nano-Al20 3.

Figure 5.12a SEM o f Fuji I® powders before (a, A) and after (b,B) being coated with 3.0
wt% nano-Al2C>3 . ((a) Scale bar=50 pm, (A) Scale bar = 5 pm, (b) Scale bar=50 pm, (B)
Scale bar = 1 0 pm)
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Figure 5.12b SEM o f Ketac-Cem® powders before (a, A) and after (b,B) being coated
with 3.0 wt% nano-Al20 3 . ((a) and (b) Scale bar=50 pm, (A) and (B) Scale bar = 5 pm)

5.3.5 The effect of flow additives on the flowability of water-saturated GIC powders
- AOR, AVA

According to the results obtained above, 3.0 wt% nano-Al2C>3 and 4.0 wt% nano-Si02
works best for improving the flowability o f GIC powders. Thus, we evaluated the effects
o f 3.0 wt% nano-Al20 3 on the flowability o f water-saturated GIC powders and the results
were shown in Table 5.3.

By coating with 3 wt% nano-Al20 3 ; the angle o f repose for both water-saturated Fuji I®
and water-saturated Ketac cem® powders was decreased. The avalanche angle was also
decreased. These results proved that 3 wt% nano-Al2C>3 could effectively improve the
flowability o f water saturated Fuji I® and Ketac cem® powders.
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Table 5.3 Effects of different flow additives on the flowability of water-saturated GIC
powders
AVA (°)

AOR (°)

Samples
Water

Water Saturated

Water

Water Saturatec

Saturated

with 3% 11AI2O3

Saturated

with 3% nA^O;

Fuji I®

55.1±2.2

47.7±0.2

75.5±5.3

72.4±2.0

Ketac-Cem®

53.5±1.5

48.0±1.4

64.8±3.1

62.1±4.9

5.4 Discussion
To our knowledge, this is the first study to investigate the effects of humidity on the flow
properties of GIC powders. According to the water absorption experiment in this study,
Fuji I® could take water up to 2.43 wt% after 10 hours of exposure in moist environment.
Ketac-Cem® could take water up to 7.37 wt% after 19 hours of exposure in moist
environment. Such a strong water absorption can be attributed to the composition of GIC
powders. According to Material Safety Data Sheet (MSDS) Fuji I® powder is designed as
a dental luting cement and contains 95 wt% alumino-silicate glass and 5 wt% polyacrylic
acid. Ketac-Cem® is produced as a permanent glass ionomer luting cement powder and
contains 80-85 wt% alumino-silicate glass and 10-20 wt% polyethylene-polycarbonic
\

acid. Since polyacrylic acid is a kind of polyelectrolyte that is able to absorb water many
times than its weight. Moreover, polyethylene-polycarbonic acid is also reported to
degrade in water and can uptake water several times than its weight. Therefore, because
of its higher concentration of polyethylene-polycarbonic acid, Ketac-Cem® has a higher
water absorption ability than Fuji I powders.

After observing the dramatic negative effect of humidity on the flowability of GIC
powders (Table 5.2) and based on Geldart Powder Classification system (the particle size
distributions test revealed that the D50 of Fuji I® and Ketac-Cem® powders were 4.143 pm
and 3.236 pm, respectively), we concluded that the hydroscopicity and ultrafine particle
sizes made a very poor flowability of GIC powders. This is also confirmed by the
measurement of AOR and AVA of the dry original GIC powders (Table 5.2). Based on a
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novel invention to provide GIC as powders on ortho-phosphoric acid/polyacid or water
pretreated bovine dentine surface by electrostatic ultrafine powder coating, a very deep
penetration (around 1000pm) was discovered. This invention has an important meaning
for the treatment of dentine hypersensitivity. However, the novel technique has a very
high requirement for the flow property of the handling powders Therefore, it is essential
to keep GIC powders dry before their application by the novel technique. Moreover, it is
also important to improve the flowability of dry GIC powders.

This study is to explore methods for the improvement of the flowability of GIC powders.
The mechanisms of increasing the flowability of fine powders by nano-sized additives
have been reported by many studies. As mentioned before, these investigations showed
that the van der Waal’s force is the most significant factor to reduce the flowability of
fine powders [19-33]. Yang et al.[13] studied powder cohesion and demonstrated that
nano-sized particles should reduce the inter-particle attractions of fine powders and
improve the fine coating powder’s flow properties from the physical point of view.

Particle size distribution test showed that after being blended with different nanosized
flow additives at different concentrations the particle size distributions of GIC powders
didn’t significantly change. This demonstrated a well and evenly coated layer by nano
additives on Fuji I® and Ketac Cem® powders’ surfaces, without agglomeration. SEM
also revealed a coated layer after blending with 3% nano-Al203. Such a coating layer
effectively separated GIC particles, reduced the dominant interparticle forces [23], so as
to increase their flow properties [18]. These results demonstrate that blending GIC
powders with nano flow additives by high shear mixer and sieving is an effective and
viable process to coat nano flow additives onto particle surfaces. This process is very
important since if the extra amount of flow additive was not added properly, the powder
flowability can be significantly reduced [18].

The measurements of AOR and AVA revealed a considerable improvement on the
flowability of GIC powders by nano-A^Ch, nano-SiC>2and their optimal concentrations at
3.0 wt% and 4.0 wt%, respectively. It can be explained that at the beginning, with the
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increasing amount of nano-Al203 and nano-Si02, they are coating GIC particles more and
more evenly, to form an even layer is formed on GIC particles with the optimal amount.
However, more addition over the above amounts will cause an over layer of coating of
nano additives as well as agglomerates of nano-particles, which will decrease the flow
properties of GIC powders in reverse.

Moreover, nano-sized T i0 2 did not work well in this study. This may be attributed to the
different sizes of the nano-particles. Nano Si0 2has a mean particle size around 20 nm and
is bulkier compared to nano A12C>3 and nano Ti02, which means it has larger distances
between nano Si0 2 particles. This property led to larger distances between die host
particles and therefore reduces the van den waals forces. Nano-Al2C>3 has a smaller
particle size than nano Si02, but they are still good enough to fluidize GIC powders by
increasing the distances between the host particles. However, nano Ti0 2 is more tightly
packed than the former two kinds of nano-particles.

According to the experiences of the authors, an AOR below 45° is required to ensure
handling and application of powders in a spraying process [14]. This indicated that 4.0
wt% of nano Si0 2 and 3.0 wt% of Al203 could help GIC powders to be smoothly sprayed
by the electrostatic ultrafine powder coating technique.
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5.5 Conclusions
•

GIC powders are hydroscopic. After 10 hours, Fuji I ® became water saturated
with a final water absorption ratio of 2.43% by weight. After 19 hours, KetacCem® became water saturated with a final water absorption ratio of 7.37% by
weight.

•

The humidity has a significant negative effect on GIC powders’ flowability.

•

Nano-sized Si0 2 and nano-sized A 12C>3 flow additives could effectively increase
GIC powders flowability and the optimal concentrations for maximum flowability
were 3.0 % by weight and 4.0 % by weight. However, nano-sized Ti0 2 did not
work well.
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•

The flowability of water saturated GIC powders could be improved by 3.0 wt% of
nano AI2O3.
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CHAPTER 6. General Conclusions and Recommendations

6.1 General Conclusions
Because of the advantages of powder coating compared to conventional liquid coating
processes, since its first introduction in the mid 1950’s in the United States, powder
coating has been fast developed, well-established and commonly used today. Among the
four types of powder coating process (electrostatic powder coating, fluidized bed powder
coating, electrostatic fluidized bed powder coating and flame powder coating),
electrostatic spraying is the most commonly used one in industrial and consumer
applications. In order to benefit from it, people have put great efforts on researching and
developing this technology.

An electrostatic ultrafine powder coating technique has been developed by the UWO
particle technology group to effectively fluidize Group C powders [1,2]. This technique
solved the most critical problem that the powder coating process is unable to spray fine
and ultrafine particles under the particle size of 25 pm to form smooth and thin film.
Based on the significant improvement of this electrostatic ultrafine powder coating
technique [3] over traditional electrostatic powder coating process, it has been widely
used in many areas, especially in creating surfaces with special functionality (superhydrophobicity/super-hydrophilicity [4], oil-phobicity/oil-philicity [4], anti-bacterial
ability ), for drug delivery with different controlled release mechanisms [5], so and so
forth.

The objective of this thesis research was to future explore the applications of the
electrostatic ultrafine powder coating technique in the biomedical engineering research
area. Specifically, we investigated the fabrication of bioactive agent enriched
biocompatible polyester polymer coatings on titanium by this technique, tested their
physical properties and biocompatibility for the attachment, proliferation and
differentiation of HEPM cells. The rationale of this study was to explore this technique’s
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potential in creating orthopedic and dental implants. We also explored the effects of
humidity on glass ionomer cements (GC Fuji I® and Ketac cem® powders) by testing the
water absorption ability and flowability of GIC powders. Moreover, we studied the
effects of different flow additives on the flowability and optimize their respective
concentrations for maximum flowability. The purpose of this research was to further
examine this technique’s utilization for dentinal tubules occlusion by GIC powders. After
the study, the causes were analyzed and valuable recommendations were provided based
on the results obtained.

6.1.1 Fabrication of bioactive agent enriched polyester powder coatings on titanium.
In this study, polyester powders were mixed with micro-Ti02 (25 wt%), grey/white MTA
(5 wt%) and nano-TiC>2 (0.5 wt%) powders to form grey/white MTA enriched polyester
powder coatings (GMPPC/WMPPC) using electrostatic ultrafine powder coating
technology.

It was found that by adding 0.5 wt% nano-TiC>2, PPC, GMPPC and WMPPC coating
surfaces possessed nano-features. Specifically, SEM showed that the PPC and MTAenriched PPC (GMPPC and WMPPC) coatings were relatively smooth, compared to pure
titanium. Detailed AFM analysis revealed consistent nano-sized protuberances and
concavities and a surface Rq of 10-20 nm. EDX analysis confirmed the successful
incorporation of MTA onto the coatings, and a homogenous chemical composition across
all of the PPC surfaces. Coating adhesion test revealed an excellent strong adhesion of
PPC, WMPPC and GMPPC on pure titanium

This study demonstrated that the novel electrostatic ultrafine powder coating technique
can successfully create MTA enriched polyester powder coating surfaces. They possess
uniform and homogeneous nano-topographies and nano-roughness as well as an excellent
adhesion on pure titanium, which may promote a beneficial cellular response.
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6.1.2 Investigation of the biocompatibility of coatings on titanium.
In this study, human embryonic palatal mesenchymal cells (HEPM) were grown on
uncoated titanium, and on PPC, GMPPC and WMPPC coated titanium surfaces. Their
biocompatibility was evaluated by HEPM cellular response to these biomaterial surfaces.

It was found that within 24 hours of plating, SEM revealed super good attachments and
spreading of HEPM cells on PPC, GMPPC and WMPPC surfaces. After 72 hours and 7
days of plating, IFM showed plentiful extensions intense intracellular matrix, on PPC,
GMPPC and WMPPC surfaces. After 24 hours and 72 hours of plating, cell counting
revealed a higher proliferation rate on GMPPC and WMPPC than on titanium. MTT
assay revealed a high metabolic activity. After 28 days of plating, Alizarin red S staining
indicated the mineralization and osteogenic differentiation on all the surfaces.

This study demonstrated that this novel electrostatic ultrafine powder coating technique
could successfully create highly biocompatible polyester powder coating surfaces that
support HEPM cell attachment, growth and differentiation.

6.1.3 Effect of humidity on the flowability of Glass Ionomer Cements
\

In this study, we investigated the effects of humidity on the flowability of GIC powders
(GC Fuji I® and Ketac-Cem® powders)
It was found that Fuji I ®and Ketac-Cem® powders could absorb water very fast. After 10
hours, Fuji I ® became water saturated with a final water absorption ratio of 2.43 wt%.
After 19 hours, Ketac-Cem® became water saturated with a final water absorption ratio of
7.37 wt%. SEM showed both water saturated Fuji I ® and Ketac-Cem® powders crossed
linked together and aggregated to agglomerates. Angle of Repose and Avalanche Angle
measurements demonstrated that 3 wt% of nano-A^Ch could effectively improve the
flowability of water-saturated Fuji I ®and Ketac-Cem® powders.
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6.1.4 The improvement of the flowability of GIC powders.

The objective of this study was to improve the flowability of GICs (GC Fuji I® and
Ketac-Cem® powders) by blending them with 0.5 wt%, 1.0 wt%, 2.0 wt%, 3.0 wt%, 4.0
wt% and 5.0 wt% of extra fine particles (nano AI2O3, nano-Si02 and nano-Ti02), and to
optimize their respective concentrations for maximum flowability of GICs.

Scanning electron microscopy (SEM) showed that all the nanoscaled flow additives could
homogeneously coat on the surfaces of dry or wet powders. Particle size distribution test
showed that flow additives didn’t change the particle size distribution of unmodified dry
powders, angle of repose and avalanche angle measurements of modified GIC powders
demonstrated that their flowability could be dramatically improved by nano AI2O3 and
nano-Si02. However, nano TiC>2 could only slightly improve the flowability of GIC
powders at a concentration of 1.0 wt%.

In conclusion, this thesis research has demonstrated the potential of electrostatic ultrafine
powder coating for orthopaedic and dental implants as well as for dentine tubules
occlusion.

Recommendations

6 .2

Although this thesis research has proved the potential applications of the electrostatic
ultrafine powder coating technique in orthopaedic and dental implants and in dentine
tubule occlusion, as a novel technique in biomedical engineering area, further work is
needed to comprehensively evaluate this technique’s practical values.

•

For fabrication of biocompatible polymer coatings on titanium, this study only
investigated the surface morphology, surface roughness and chemical composition,
and the adhesion on the substrates of the coatings. However, the thickness of the
coating; the mechanical properties of the coatings, such as the specific bonding
strength of the coating on the substrate, the fracture strength, etc; the durability
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and biodegradability of the coating in organisms’ body, for instance, have not
been measured.

•

Moreover, for the incorporation of MTA with polyester powder coatings, this
study only investigated one concentration (5 wt%) of MTA. Different
concentrations could be further tried and other bioactive agents could also been
studied to improve the biocompatibility of polymer coatings.

•

Furthermore, to further demonstrate the practical applicability of these
biocompatible polymeric powder coatings, in vivo study is also necessary to be
done.

•

For the improvement of the flowability of glass ionomer cements, although it has
been demonstrated that 3 wt% of AI2O3, 4 wt% of nano-SiC>2 could effectively
increase the flowability of Fuji I® and Ketac cem® powders, the modified powders
still need to be sprayed onto dentine surfaces to confirm their dentine tubules
penetration ability.
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